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CONFORMATIONAL  EFFECTS  ON  THE  CYCLOPOLYMERIZATION 
OF  N- (p-BROMOPHENYL) DIMETHACRYLAMIDE 

By 

SHARON  ARLENE  STONE 

The  title  compound,  N-(p-bromophenyl)dimethacrylamide, 
was  synthesized  and  then  polymerized  in  the  solid  state  by 
irradiation  with  cobalt-60  y-rays.  Spectral  analysis  of 
the  resulting  polymer  indicated  that  the  monomer  cyclized 

age  of  both  five-  and  six-membered  rings  was  formed.  The 
orientation  of  the  double  bonds  in  the  crystal  lattice 
was  determined  by  single  crystal  X-ray  diffraction  analysis. 
In  all  cases  the  distances  separating  two  potential  intra- 
molecular reactors  were  shorter  than  that  separating  the 
potential  intermolecular  reactors.  It  was  concluded  that 
the  monomer  crystallized  in  a conformation  that  would  favor 
the  cyclization  reaction  so  long  as  the  crystal  lattice 


course  of  the  polymeris 


also  concluded  that  the  percentages  of  five-  and  six-mem- 
bered  rings  could  not  be  predicted  from  the  crystallo- 
graphically-determined  atomic  positions.  Electron  spin 

the  radical  centers  generated  by  the  irradiation  were  stable 
for  more  than  30  days.  This  persistence  of  the  signal 
was  probably  an  indication  of  the  restricted  mobility  of 
these  species  in  the  crystal  lattice. 

the  monomer  was  performed  at  58”C,a  cyclopolymer  contain- 

ture  to  114 °C,  however,  increased  the  percentage  of  the 

the  polarity  of  the  solvent  had  little  effect  on  the 
structure  of  the  polymer.  The  appearance  of  a new  imide 
stretching  band  in  the  infrared  spectra  of  the  monomer  for 
the  transition  from  solid  to  solution  phase  could  be 
indicative  of  conformational  changes  upon  dissolution. 

An  investigation  into  the  relative  stabilities  of 
the  various  conformations  available  to  the  monomer  was 


with  Localized  Orbitals  (PC1LO) . Conformers  with  a cis- 
trans  and  trans-trans  orientation  of  the  imide  group  were 
found  that  were  fairly  low  in  energy.  Some  energy  lowering 


act  through  space.  One  particularly  low  energy  conformer 

of  the  double  bonds  were  fairly  close  in  space.  If  the 
monomer  existed  predominantly  in  this  conformation  in 
solution  or  had  easy  access  to  it  by  a rotation  around 

a subsequent  fast  cyclization  would  result  in  the  forma- 
tion of  five-membered  rings  in  the  backbone  of  the  polymer, 


CHAPTER  I 
INTRODUCTION 

Cyclopolymeri zation  - General  Concepts 
The  polymerization  of  monomers  containing  more  than 

result  generally  in  the  formation  of  either  a linear 
polymer  containing  unreacted  double  bonds  or  a crosslinked, 

observed  that  certain  nonconjugated  dienes  do  not  react 

reported  that  the  polymerization  of  diallyl  quarternary 
ammonium  salts  resulted  in  the  formation  of  linear  soluble 
polymers  containing  little  or  no  residual  unsaturation. 

The  mechanistic  explanation  offered  by  Butler3  and  Butler 
and  Angelo3  proposed  an  alternating  intramolecular-inter- 
molecular  chain  propagation  reaction  or,  as  it  is  now 
more  familiarly  known,  cyclopolymerization.  These  addition 

With  the  work  of  Butler  and  co-workers  providing  the 
impetus  a considerable  investigative  effort  has  since 
been  expended  in  this  field.  Marvel  and  Vest4'  5 very 

extended  Butler's  discovery  to  the  polymerization 


quickly 


methyl 


rile. 


yielded 


ethyl  esters  and  its  nitr 
soluble  polymers  that  were  essentially  free  of  unsaturation. 
Field6  was  able  to  demonstrate  in  his  study  of  the  polymer- 
ization of  2,6-diphenyl-l,6-heptadiene  that  thermal,  free 
radical,  cationic,  anionic,  and  Zeigler  initiation  could  all 
result  in  the  production  of  polymers  that  are  completely 
cyclized.  Polymers  containing  heterocyclic  rings  along 

nitrogen  (e.g.  N-substituted  diallylamines , ' and  N-sub- 

stituted  dimethacrylamides*) , oxygen  (e.g.  methacrylic 
anhydride10  and  divinyl  acetals11) , sulfur  (e.g.  S,S’- 
divinylmercaptals,12'  13  di-2-chloroallyl  sulfide,14  and 
di-2-chloroallyl  sulfone14) , silicone  (e.g.  substituted 
diallyl  silanes15-20),  phosphorus  (e.g.  diallylphosphine 
oxides21'  22) , and  germanium  (e.g.  diallyl  germanium 
derivatives1®) . Othei  bifunctional  molecules  such  as  acetyl- 
enes, aldehydes,  isocyanates,  epoxides,  and  nitriles  have 
led  to  the  formation  of  cyclopolymers  upon  proper  initia- 

polymerization  of  nonconjugated  dienes  has  produced  evi- 
dence of  the  existence  of  cyclopolymers  containing  five- 

and,  in  some  cases,  bicyclic  structures.  Reviews  of  cyclo- 
polymerization  processes  were  published  early  by  Butler23 


the  general  course 


cyclopolymerization  of 


fidely  accepted  as 


rtj 

»rQf 


However,  no  one  totally  satisfactory  mechanism  exists  at 
present  that  can  adequately  account  for  all  the  experiment 
observations.  It  is  unlikely  that  the  large  number  of 

polymerization  do  so  as  a result  of  simple  statistical 
probability  alone. 

In  an  attempt  to  explain  the  sometimes  contradictory 
experimental  observations,  two  somewhat  different  mechanist 


explanations  have  been  proposed.  In  1960,  Butler30  first 
postulated  that  there  could  exist  a through-space  noncon- 
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state  or  the  excited  state,  would  be  expected  to  provide 
a more  energetically  favored  pathway  in  the  form  of 
reaction  by  cyclopolymerization  rather  than  by  linear 

to  observe  bathochromic  shifts  in  the  ultraviolet  spectra 
of  these  monomers  and  a corresponding  lowering  of  the  energy 


The  second  mechanistic  proposal,  that  of  a steric 
interaction,  was  first  formulated  by  Gibbs  and  Barton26 
in  1967,  although  the  importance  of  steric  factors  had  been 
noted  previously  by  other  investigators.  This  steric 
interaction  theory  hinges  on  the  proposal  that  steric 
factors  alone  control  the  course  of  the  reaction.  After 
initiation  of  the  first  double  bond,  the  second  double 

a conformation  favorable  for  reaction.  In  addition,  the 
second  carbon-carbon  double  bond  would  serve  to  sterically 
shield  the  reaction  site  from  the  incoming  monomer,  thereby 
decreasing  the  probability  for  linear  propagation.  Once 
formed,  the  cyclized  radical  would  be  much  less  sterically 
hindered  and  could  participate  in  an  intermolecular  propa- 
gation reaction.  As  was  pointed  out  by  the  authors26  this 

energies  for  the  two  steps. 

The  experimental  observations  to  date  do  not  consistently 

was  little  experimental  evidence  for  ground  state  inter- 
actions between  the  two  double  bonds  in  the  nonconjugated 
dienes.  However,  a photoelectron  spectroscopic  study,21  in 
1976,  reported  that  a conformation  of  1 , 5-hexadiene  in  which 
the  two  double  bonds  are  crossed  (I)  is  more  stable  by 
2.3  kcal/mole  than  the  open  chain  conformation  (II) . Batho- 
chromic  shifts  have  been  reported  in  the  ultraviolet  spectra 
of  methacrylic  anhydride, 22  a series  of  allyl  silanes,22 


alkenes35  and  unsymmetrical  heptadienes36  failed  to  show 
such  shifts.  The  shifts  exhibited  by  methacrylic  anhydride 
have  been  alternatively  explained3^  by  an  electronic 
stabilization  through  resonance  of  the  non-bonded  electrons 
on  the  anhydride  oxygen  with  the  carbonyl  group.  When  an 
open-chain  system  does  demonstrate  bathochromic  shifts, 
it  should  be  assumed,  in  accordance  with  the  Franck-Condon 

tion  that  would  favor  the  occurrence  of  that  electronic 
transition.  There  are,  however,  many  monomers  that  cyclo- 
polymerize  for  which  there  is  presently  no  evidence  for  such 
an  excited  state  interaction.  In  most  cases  for  which 
data  are  available  the  energy  of  activation  is  usually 
higher  than  that  for  intermolecular  propagation.  Vet 
k/k . , the  ratio  of  the  rate  constant  for  cyclization  to 


The  case  for  the  steric  interaction  theory  is  equally 
uncertain.  A pendent  group  on  the  0-carbon  of  monovinyl 
monomers  reportedly  has  an  effect  on  the  propagation  and 
termination  rate  constants.  One  would  expect,  therefore. 


than  five  atoms  in  the  pendent  group.  A large  degree  of 
cyclization  might  be  expected,  though,  if  the  pendent  group 
shielded  the  propagating  radical  from  the  approach  of  a 
second  monomer  molecule.  A comparison  of  the  rate  con- 
stants of  polymerization  of  methyl  methacrylate  and  n-butyl 
methacrylate®®  indicates  little  effect  of  the  length  of 
these  pendent  groups  on  the  B-carbons  on  propagation  and 
termination.  Nevertheless,  while  N-methyldimethacrylamide 

its  monovinyl  counterpart,  N-methyl-N-isobutyrylmethacryl- 
amide,  does  not  polymerize  under  identical  conditions.40 

polymerizes  nearly  590  times  faster  than  the  analogous 
mono-ene,  2-cyano-l-heptene. 

Xet  another  weakness  of  the  steric  control  theory 

be  necessary  to  exclude  all  intermolecular  propagation. 
Cyclopolymerization  is  still  observed  at  low  temperatures 
and  high  monomer  concentrations. 


:k ground  of 


in  1971,  Butler  and  Myers40'  42  reported  an  investi- 
gation into  the  spectroscopic  and  polymerization  character- 

the  proposed  "electronic  interaction"  theory  by  comparing 
the  ultraviolet  and  nuclear  magnetic  resonance  spectra  of 
the  dimethacrylamides  with  those  of  their  mono-ene  counter- 
parts, the  N-isobutyrylmethacrylamides.  If  there  wer, 

of  the  polymerization  reaction  should  certainly  hinge  on 
the  conformation  of  the  molecule.  They  predicted  that  there 
should  exist  two  primary  factors  determining  the  orientation 
of  the  two  carbon-carbon  double  bonds  with  respect  to 

of  the  methacryl  group. 

In  order  to  allow  maximum  delocalization  of  the  pi 
cloud  the  imide  group  might  be  expected  to  orient  in  at 
least  one  of  three  possible  coplanar  arrangements:  cis-cis 

(III),  cis-trans  (IV),  or  trans-trans  (V).  Of  these  three 


O 


AA 


conformers  one  would  predict  that  the  trans-trans  orienta- 
tion would  be  the  least  likely  since  the  carbonyl  groups 
are  parallel  to  each  other  and  the  electrostatic  repulsior 
between  them  should  raise  the  energy  of  that  conformation, 
Dipole  measurements  on  diacetamide  (H  = CH,,  R‘  = H)  and 
N-methyldiacetamide  (R  = R'  = CH,)  indicate  that  these 


diacetamide  to  that  of  the  even  bulkier  methacryl  groups, 
there  should  be  an  even  stronger  preference  by  the  dimeth- 

The  second  consideration  is  that  of  the  conformation 
of  the  methacryl  groups . Maximum  delocalization  of  the 


possible  for  the  carbon-carbon  double  bond  and  the  carbonyl 


I 


the  dime thacry  1 ami dfe 
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As  an  additional  probe  into  the  conformation  of  the 
amides  Butler  and  Myers4®  further  postulated  that  if  a 
1, 6-interaction  did  exist  in  these  dienes  then  it  might 
persist  in  the  solid  state  when  the  monomer  crystallized 
out.  Therefore  a solid  state  polymerization  of  these 
monomers  would  lead  to  cyclopolymer  only  if  the  double 
bonds  were  preoriented  in  a conformation  favorable  for 

Calculations  performed  by  Treioar44  indicate  that  the 
most  probable  distance  for  a one-dimensional  five-carbon 
link  similar  to  that  shown  in  conformer  (X)is  4.95  A.  Such 
a large  distance  in  the  crystal  lattice  would  likely  inhibit 
the  cyclization  reaction.  Bond  formation  would  necessarily 
involve  a considerable  migration  of  the  second  double 
bond  to  the  reactive  site,  a degree  of  freedom  that  does 
not  exist  to  a large  extent  in  the  solid  state.  Therefore, 
if  the  monomer  crystallized  out  predominantly  in  a conformer 

lead  to  crosslinked  polymer  or  to  a linear  polymer  with 
one  unreacted  carbon-carbon  double  bond  per  monomer  unit. 


o o 


elsewhere,  could  possibly  be  accounted  for  on  the  basis 
of  a homoconjugative,  through-space  interaction  of  the 
double  bond. 

tion  of  the  monomers  with  y-rays  from  a cobalt-60  source 
is  given  in  Table  1.  Since  the  structures  of  the  polymers 
obtained  were  similar  to  those  obtained  by  solution  polymer- 
ization they  concluded  that  the  radiation-induced  polymer- 


14 


diffraction  study  was  undertaken  as  a probe  into  the  crystal 


be  useful  in  predicting 


Therefor 


zigatic 


prominent  conformations  available  to  N- (p-bromophenyl) - 

mechanical  Perturbative  Configuration  Interaction  with 
localized  Orbitals  (PCILO)  method. 


CHAPTER  IX 
EXPERIMENTAL 


on  a Varian  E-3  EPR  recording  spectrometer  with  a field 
modulation  of  100  Kcycles/sec.  The  power  level  of  the 
spectrometer  was  3.20  mw  and  the  crystal  current  was  300  ma. 

Monochromatic  ultraviolet  light  irradiation  was  ob- 
tained from  a 2500  w Mercury  Xenon  lamp  which  was  contained 
in  a Schoeffel  LN  152N/2  lamp  housing.  The  output  beam 
was  deflected  through  a Schoeffel  LHA  165/2  prism  into 
a Schoeffel  GM  250  high  intensity  monochromator. 

All  solvents  were  commercial  reagent  grade  and  were 
used  as  received  unless  otherwise  noted.  Polymer  non- 


M-(p-Bromoplienvl)  methacrylamide 

This  compound  was  prepared  by  the  method  reported  by 
Butler  and  Myers4^  ft  the  synthesis  of  N-phenylmethacryl- 
amide.  In  a typical  run,  a solution  of  84.0 g (0.488  mole) 
of  p-bromoaniline  (Eastman  Organic  Chemicals],  400  ml  abso- 
lute diethyl  ether  (which  had  been  dried  by  distilling 
from  lithium  aluminum  hydride),  and  49.4  g (0.488  mole) 
of  redistilled  triethyl  amine  [Matheson,  Coleman,  and  Bell] 
were  placed  in  a 1-liter,  three-necked  flasK  fitted  with 

reflux  condenser  and  drying  tube.  While  the  solution 
was  being  stirred  at  0-5°  a solution  of  51.0  g (0.488  mole) 
redistilled  methacryloyl  chloride  [Aldrich]  and  50  ml  abso- 
lute diethyl  ether  was  added  dropwise  through  the  addition 


funnel  over  a three-hour  period.  A thick  white  solid 

overnight.  Upon  the  addition  of  500  ml  water  to  the  mixture 
the  white  solid  dissolved  and  two  distinct  layers  were 
formed.  After  separation  of  the  two  layers,  the  non- 
agueons  layer  was  washed  first  with  two  100  ml  portions 
of  IN  hydrochloric  acid  and  then  with  two  100  ml  portions 
of  10%  aqueous  sodium  carbonate.  The  solution  was  then 
dried  overnight  with  anhydrous  magnesium  sulfate.  After 
filtering  off  the  drying  agent,  diethyl  ether  was  removed 
by  a rotary  evaporator.  Recrystallization  of  the  thick 
white  precipitate  twice  from  acetone-hexane  cosolvents 
yielded  72.2  g (62%)  of  white,  fiber-like  crystals, 
m.'p.'  117-118°.  The  nmr  spectrum  (CDClj)  exhibited 
resonances  at  6:  2.10  (s,  broadened,  3),  5.45  (s,  broad- 

ened, 1),  5.80  (s,  broadened,  1)  and  7.45  (m,  broadened,  5). 
The  infrared  spectrum  (Nujol)  showed  absorbances  at:  3315 

(m),  1670  (m),  1615  (ms),  1590  (m) , 1500  (s) , 930  (s) , 
and  820  (s) . 

N-(p-Bromophenyl) dimethacrylamide 

reported  by  Butler  and  Myers4^  for  N-phenyldimethacrylamide. 
Before  assembling, all  glassware  was  washed  and  baked  over- 
night in  an  oven  at  110 “.  After  assembling,  the  set-up 
was  flamed  out  under  a steady  stream  of  nitrogen  which  was 


dried  by  bubbling  through  sulfi 


:id  and  then  passir 


through  a drying  pistol  filled  with  potassium  hydroxide 
and  calcium  sulfate.  The  solvent,  tetrahydrofuran, 
was  distilled  from  lithium  aluminum  hydride  immediately 
prior  to  use.  Sodium  hydride  was  washed  very  quickly  with 
hexane  to  remove  the  mineral  oil  in  which  it  was  dispersed 

Into  a 250  ml  three-necked  round-bottomed  flask 
equipped  with  a nitrogen-inlet,  pressure-equalizing  addi- 
tion funnel,  mechanical  stirrer,  reflux  condenser,  and 
drying  tube  was  placed  the  solid  sodium  hydride  remaining 
after  washing  with  hexane  5.0  g of  a 50%  mineral  oil 
dispersion  [PCR,  Inc.]  and  35  ml  of  tetrahydrofuran. 

While  the  mixture  was  stirred  under  a steady  stream  of 
nitrogen,  a solution  of  23.85  g (0.100  mole)  of  N-(p-bromo- 

hydrofuran  was  added  dropwise  through  the  addition  funnel 
over  a three  hour  period.  This  reaction  resulted  in  the 
formation  of  a grayish-green  slurry  which  was  allowed  to 
stir  at  room,  temperature  for  an  additional  half-hour. 

Into  a 300  ml  three-necked  round-bottomed  flask 
assembled  and  equipped  as  above  was  placed  11.5  g (0.110  mo 
freshly  distilled  methacryloyl  chloride  and  500  ml  tetra- 
hydrofuran. The  sodium  salt  of  N- (p-bromophenyl) methacryl 

funnel  and  added  dropwise  with  stirring  and  under  a steady 
stream  of  nitrogen  over  a four  hour  period.  The  round- 
bottomed  flask  was  cooled  to  0-5°  during  the  addition. 


After  an  additic 


with  a white  precipitate  remained.  To  this  mixture  10 
ml  methanol  was  slowly  added  until  gar  evolution  ceased. 
The  mixture  was  poured  into  300  ml  rapidly  stirring 
hexane  and  the  white  precipitate  was  suction  filtered. 
After  removing  the  solvent  with  a rotary  evaporator  the 
remaining  thick  white  precipitate  was  recrystallized  twice 
from  95%  ethanol  to  yield  11.53  g (37. 6%)  of  white  needle- 
like crystals,  m.p.  105-106.5°. 

6:  1.95  (s,  split,  6),  5.55  (m,  broadened,  4),  and 

absorbances  at:  3000  (w) , 1705  (s) , 1690  (s) , 1620  (m) , 

1490  (m) , 1450  (m) , 1315  (s) , 1165  <s) , 820  (s) , and 
500  (s)  . 

Anal.  Calcd.  for  ci4Hi4Brt>°2 ! C,  54.56,-  N,  4.54:  H,  4.57; 
Br,  25.92;  0,  10.41.  Found:  C,  54.70;  N,  4.49;  H,  4.50; 

Br,  26.08. 

Solid  State  Polymerization 
Initiation  by  Gamma  Rays 

Calibration  of  the  cobait-60  source  was  accomplished 

the  conversion  of  Fe+2  -*  Fe+3  after  periods  of  y-irradia- 
tion.  By  measuring  the  absorbance  of  the  Fricke  solution 
at  304  nm  (AmjJx  for  Fe+3)  and  using  the  data  obtained  in 
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coula  be  determined.  The  dosimetry  and  subsequent  mono 
irradiations  were  performed  in  10  mm  Pyrex  tubes.  The 
design  and  construction  of  the  irradiator  have  been 
previously  described  in  the  literature.46 

1Fe+3)  = T*1  “ "e.  [1  + 6?ift  <t,-t,M 


1000  |Fe+3 


15.5  x 1.036  x 1.024  x 10  J mol/dm 


. = optical  density  a 
. = 2193  t 6 dm3/mol 


The  irradiations  were  first  performed  as  described 
by  Butler  and  Myers.40  The  crystalline  monomer,  N-(p-bromo- 
phenyl) dimethacrylamide,  was  placed  in  a 10  mm  Pyrex  tube, 

the  monomer  was  then  placed  in  a sample  holder  adjacent 
to  the  source  and  irradiated  for  60  hours  (dose  of  76.2  Mrad) . 
At  the  end  of  that  period  changes  in  the  crystals  were  not 
usually  discemable.  After  continuing  the  irradiation 
time  to  116  hours  (total  dose  of  129.9  Mrad)  the  tube  was 


dissolved  easily  in  acetone  and  the  resulting  solution  was 
slowly  dripped  into  400  ml  rapidly  stirring  hexane.  The 
fine  white  solid  that  precipitated  was  collected  by  suction 

tation  process  was  repeated  once  more  and  drying  24  hours 
in  vacuo  yielded  0.161  g (16.1%  conversion)  of  a fine 
white  static  powder,  softening  point,  185-193°. 

The  polymerization  was  repeated  except  that  the  monomer 
was  exposed  to  *v2  Mrad  of  y-irradiation  at  liquid  nitrogen 
temperature  (-196°) . After  allowing  the  reaction  to  proceed 
for  30  days,  the  evacuated  tube  was  opened  and  the  solid 

hexane,  however,  yielded  no  isolable  precipitate.  The  pmr 

a few  small  peaks  in  the  upfield  region  that  would  be 
consistent  with  less  than  2%  polymer. 

Initiation  by  Ultraviolet  Irradiation 

The  wavelength  of  maximum  absorption  of  a 5 x 10  * H 
solution  of  N-(p-bromophenyl) dimethacrylamide  in  diethyl 

photometer  to  be  t220  nm.  This , then , was  chosen  to  be 
tile  wavelength  of  irradiation. 

The  crystalline  monomer  was  then  placed  in  a 21  mm 

vacuum  line  the  tube  was  evacuated  to  10~5  mm  and  sealed. 


/iolet 
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The  tube  was  then  centered  in  the  ultrav 
rotated  about  its  axis  during  40  hours  of  irradiation. 

There  was  no  visible  change  in  the  appearance  of  the  solid 
at  the  end  of  the  irradiation.  After  allowing  several  days 
for  post-polymerisation  the  tube  was  opened  and  the  white 
solid  was  dissolved  in  acetone.  Dripping  the  solution  into 
rapidly-stirred  hexane  did  not  result  in  the  formation  of 
a precipitate.  Evaporation  of  the  solvent  resulted  in  a 
nearly  complete  ( ''-9 9 "» ) recovery  of  monomer.  The  pmr  showed 
no  evidence  of  polymerisation  in  the  isolated  solid. 

X-Ray  Diffraction  Study 

Single  crystals  of  the  monomer  were  grown  by  dissolu- 
tion in  absolute  diethyl  ether.  The  solution  was  then 
placed  in  a 20  ml  beaker  which  was  covered  tightly  with 
aluminum  foil.  One  small  hole  in  the  foil  allowed  relatively 
slow  evaporation  of  the  monomer  and  formation  of  colorless 

Geometric  data  collection  was  performed  using  first 

niques.  7 49  A crystal  was  selected  and  mounted  with  paraffin 
wax  on  a glass  fiber  which  was  then  fastened  in  a goniometer 
head.  After  aligning  the  crystal  in  the  X-ray  beam  of  a 
Weissenberg  camera  rotation  photographs  were  made  and  the 
crystal  symmetry  was  determined  to  be  orthorhombic  mmm. 
Indexing  of  the  reflections,  accomplished  through  the  use 


3d  all  spac 


Weissenbei 


was  impossible  with  the 
ing  conditions  for  reflectior 


obtained  for  this  axis  on  a t 

orientation  and  perform  all  t 
more,  it  was  decided  that  the 

which  allows  one  to  map  out  t 
on  film. 


rg  data  because  the  limit- 
at  would  distinguish 
axis  (okl)  about  which 


the  only  way  data  could  be 
ssenberg  camera  would  involv 
Lass  fiber  in  a different 
centering  and  indexing  once 


reciprocal  lattice  directly 


The  crystal  was  re-centered  in  the  X-ray  beam  of  a 
precession  camera  and  zero,  first,  and  second  level  photo- 
graphs were  made  for  two  orientations  of  the  crystal. 

glide  planes.  Changing  of  the  arbitrary  axes  names  to  one 
consistent  with  standard  crystallographic  notation  resulted 


liminary  cell  constants  were  determined  from  the  axial 


Each  photograph  was  examined  for  possible  evidence  of 
polymerization  occurring  under  the  influence  of  the  X-ray 
irradiation  during  geometric  data  collection.  The  diffuse 
rings  expected  if  polymer  had  been  forming  did  not  appear. 


was  measured  by  the 
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ated  for  8 molecules/unit  cell.  The  specific  gravity 
of  the  flotation  liquid  was  measured  to  ± 0.01  with  a 
precision  hydrometer. 

A suitable  crystal  was  then  mounted  on  the  end  of  a 
glass  fiber  and  centered  on  a Syntex  PI  diffractometer. 
After  centering  fifteen  intense  reflections  and  selecting 
an  indexing  consistent  with  the  preliminary  photographs, 
accurate  cell  constants  were  obtained  from  a least-squares 
fitting  of  20,  fl,  x.  and  $ (the  four  angles  of  a four-circle 
diffractometer)  for  these  reflections.  Pertinent  crystal 
data  are  summarized  in  Table  2. 

using  copper  Ko  radiation  (X  = 1.5410  A).  All  unique 
reflections  up  to  a limiting  20  value  were  measured  using 
a variable  speed  0-26  scan  technique.  The  scan  rate  was 
determined  from  a fast  three-second  counting  scan  of  the 
reflection  peak.  The  rate  varied  linearly  from  1 '/minute 
for  a counting  rate  of  150.0  c/sec  or  less  up  to  24“/minute 
for  counting  rates  of  1500.0  c/sec  or  more.  The  intensity, 


isity  peaks  were 
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Table  2 

Crystal  Data  for  N- (p-Bromopheny 1) dime  thacry lamide 


Symmetry 
Space  Group 
Color 

Measured  density,  g/cm3 
Calculated  density,  g/cm3 
z(no.  molecules/unit  cell) 


Orthorhombic 


0.028  X 0.134  X 0.103 
1.492 


Conditions  limiting  hkl  (No  condition 
possible  reflections 

Okl  k=2n  hOO  (h=2 
hOl  l=2n  OkO  (k=2 
hkO  h=2n  001  (1=2 


2 8 (max) , degrees  115.0 

Number  of  observed  reflections  1162 


Number  of  unobserved  reflections  707 


90.0 

29.727 

8.561 

10.792 


2746.49 


w1/2  = F /F  if  F < F 

high'  obs  high  obs 

The  refinement  initially  used  < so  tropic  and  then  used 
anisotropic  thermal  parameters  of  the  form 


► B,,hl  + e,,kl)] 


After  six  cycles  of  anisotropic  least-square  refinement  a 
difference  Fourier  synthesis  was  calculated  to  locate 
the  positions  of  the  hydrogen  atoms.  These  positions  were 
included  in  the  subsequent  least-squares  calculations. 

The  reliability  index,  R,  was  calculated  by  the  following: 


n *HFobsl  - IWI 

slFobsl 

An  outline  of  the  scheme  of  structure  refinement  is  given 
in  Table  3. 

The  calculations  were  performed  on  an  Amdahl  470  V6 
computer  using  programs  written  or  modified  by  Dr.  G.J. 
Palenik  of  the  University  of  Florida,  Center  for  Molecular 


Structure . 


Table  3 


Structure  Refinement  of  N- (p-Bromophenyl) dimethacrylamide 


Initial  R 

No.  cycles  FMLSQ 

isotropic  thermal  parameters 
H's  not  included 


anisotropic  thermal  parameters 

R after  BDLSQ 

No.  cycles  BDLSQ 

anisotropic  thermal  parameters 
H's  included  but  not  refined 

R after  BDLSQ 

No.  cycles  BDLSQ 

anisotropic  thermal  parameters 
H's  included  and  refined 
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Electron  Spin  Resonance- 
Polycrystalline  Samples 

Sample  cells  similar  to  those  described  by  Adler, 

of  the  monomer.  The  narrow  portion  of  the  cell  was  made 

portion  by  a graded  seal.  The  crystalline  monomer  was 
placed  in  the  wide  end  of  the  tube  which  was  then  evacuated 
to  10  * mm  and  sealed.  After  irradiation  with  2 Mrad  of 
y-rays  at  -196°  the  narrow  end  of  the  tube  was  annealed 
with  a blow  torch  to  remove  the  color  centers  in  the  tube. 

sion  of  the  wide  end  in  liquid  nitrogen.  The  sample  was  then 
shaken  into  the  annealed  portion  of  the  tube  and  the  ESR 


span  of  one  month.  The  tube  was  then  opened  to  the 
atmosphere  and  the  spectra  recorded  over  a period  of  several 
days  to  measure  the  effect  of  oxygen  on  the  spectra. 

Solution  Polymerizations 


acetone,  and  dried  in  a 100°  oven  overnight.  Benzene  was 
reagent  grade  and  was  purified  by  shaking  with  sulfuric 
acid  and  distill. >tion  immediately  prior  to  use.  Dimethyl- 
formamide  was  also  rt  .gent  grade  and  was  purified  by  shaking 
with  potassium  hydroxide  and  distillation  from  calcium 


oxide  immediately  prior 


containing  1%  recrysta 
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In  a typical  experiment,  15  m 
N- (p-bromophenyl) dimethacrylamide 
lized  azobisisobutyronitrile  (AIBN)  was  placed  in  a heavy 
walled  Pyrex  polymerization  tube.  The  tube  was  then  con- 
nected to  a high  vacuum  line  and,  through  a series  of  freeze- 
thaw  cycles,  was  evacuated  to  10-5  mm  and  sealed.  The  tube 
was  then  placed  in  an  oil  bath  which  was  maintained  at  a 
constant  temperature  for  the  specified  time.  The  polymer 

nonsolvent.  The  polymer  was  collected  by  suction  filtration 
through  a sintered  glass  funnel  and  dried  to  a constant 

the  polymer  was  dissolved  and  reprecipitated  and  dried  to  a 

polymerizations  are  discussed  below. 

was  effected  by  heating  in  an  oil  bath  which  was  maintained 
at  56°  for  22  hours.  A static  white  powder  (0.274  g) 
was  obtained  after  precipitating  in  a 1:1  mixture  of  hexane 

common  organic  solvents  at  room  temperature. 

tubes  in  oil  baths  which  were  maintained  at  58“  and  114“ 
for  24  hours.  After  precipitating  into  a 1:1  mixture  of 
hexane  and  diethyl  ether  and  drying  to  a constant  weight 
0.340  g of  polymer  was  collected  from  the  former  and  0.276  g 
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from  the  latter  polymerization.  Both  polymers  were  static 
solvents . 

Anionic  Initiation 

Before  assembly  all  glassware  was  cleaned,  rinsed  with 
acetone,  and  dried  in  a 110°  oven  overnight.  After  cooling 
the  glassware  was  assembled  and  flamed  out  under  a steady 

and  before  use  was  purified  by  shaking  with  potassium 
hydroxide  and  distilled  from  lithium  aluminum  hydride. 

Into  a 50  ml  round-bottomed  three-necked  flask  equipped 
with  an  argon  inlet,  drying  tube,  and  magnetic  stirrer  was 
distilled  directly  25  ml  dry  tetrahy drof uran . After  dis- 
connecting the  distillation  apparatus  1.2  g (0.0037  mole) 

N- (p-bromophenyl) dimethacrylamide  was  added  and  the  result- 
ing solution  was  cooled  to  -78  °C  with  a dry  ice/isopropanol 
slurry.  To  the  solution  1-5*  initiator  was  added  by  syringe 

the  course  of  the  reaction  with  time.  The  reaction  was 
quenched  by  the  addition  of  methanol  and  the  solution  was 
dripped  into  rapidly-stirred  hexane.  The  specifics  of  each 
initiating  system  are  discussed  below. 

1.6  M solution  in  hexane.  Ten  minutes  after  the  initiator 
was  added  polymers  could  be  precipitated  by  dripping  into 


temperature  and 


prolonged  heating  at  60°.  Immediate  work-up  of  the  remain- 
ing solution  and  analysis  by  pmr  indicated  that  debromina- 


Potassium  t-butoxide.  The  white  solid  initiator  was 
dissolved  in  2 ml  dry  tetrahydrofuran  before  addition  to  the 
reaction  flask.  No  reaction  was  observed  when  the  reaction 
was  carried  out  at  -78°.  Warming  the  flask  to  room  temper- 
ature, however,  and  work-up  of  the  solution  after  15 
minutes  indicated  that  debromination  of  the  aromatic  ring 

The  PCILO  program  used  was  obtained  from  the  Quantum 
Chemistry  Program  Exchange,  QCPE  Program  No.  220/221, 

were  performed  on  an  Amdahl  470  V6  computer. 
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Methacryloyl  chloride  reacted  with  p-broraoaniline  to  give 
N-(p-bromophenyl) methacrylamide  (XIZ)  in  good  yield.  After 
forming  the  sodium  salt  of  (XII)  long  reaction  times  were  re- 
quired for  the  reaction  with  th  second  mole  of  methacryloyl 
chloride  to  form  the  desired  N- (p-bromophenyl) dimethacryl- 
amide (XIII)  in  30%  yield.  Presumably  the  amide  anion 
formed  was  stabilized  enough  by  the  electron-withdrawing 

The  solid  state  polymerization  was  initiated  by  irradia- 
tion of  the  crystalline  monomer  under  vacuum  with  y-rays 
from  a cobalt-60  source  and  then  allowing  the  polymerization 
to  continue  after  irradiation  for  a period  of  time.  The 
polymerization  was  attempted  under  two  sets  of  conditions, 
the  details  of  which  are  summarized  in  Table  4. 

Since  no  polymer  was  isolated  from  the  polymerization 
initiated  at  -196°  only  the  results  of  the  room  temperature 
irradiation  could  be  investigated  further.  The  infrared 
spectrum  of  the  polymer  obtained  is  given  in  Figure  1. 

There  were  no  detectable  absorptions  for  alkene-H  stretching 
and  bending  vibrations,  indicating  little  or  no  detectable 

given  in  Figure  2.  Again,  there  were  no  indications  of 
residual  unsaturation.  In  order  to  increase  the  resolution 
of  the  spectrum,  the  pmr  of  the  solid  state  polymer  was  run 
at  a higher  frequency  and  at  elevated  temperatures  which 


should  help 


40 


ligh-field 


is  given  in  Figure  3.  Incrc 

casing  the  frequency  of  the 

spectrometer  to  270  MHz  did 

not  appreciably  resolve  the 

peaks  in  the  upfield  region. 

The  addition  of  the  lanthanide 

shift  reagent  Eu ( fod)  ^ serve 

:d  only  to  further  complicate 

the  spectrum  by  shifting  the 
obliterating  the  methylene  i 

i methyl  signals  downfield  and 

Initiation  of  the  crystalline  monomer  was  attempted 
using  monochromatic  ultraviolet  radiation.  As  described 
previously,  the  wavelength  of  maximum  absorption  of  the 


at  that  wavelength  for  40  hoi 

irs  at  room  temperature  resulted 

in  no  detectable  polymerizal 

Cion.  The  pmr  of  the  recovered 

white  powder  revealed  only  s 

itarting  material.  This  failure 

to  polymerize  could  be  expl< 

lined  in  two  ways:  either  (1) 

the  polycrystalline  sample  ! 

scattered  the  ultraviolet  light 

so  much  that  enough  light  wi 

is  not  absorbed  to  initiate 

polymerization  or  (2)  the  w< 

ivelength  of  maximum  absorption 

polymerization  reaction.  A: 

Lthough  not  attempted  in  this 

study,  it  should  be  possibl: 

s to  differentiate  between  these 

two  explanations  by  irradiat 

tion  of  a single  crystal  of  the 

monomer.  If  the  failure  to 

polymerize  was  due  to  scatter 

of  the  incident  light,  the  : 

Irradiation  of  a single  crystal 

should  result  in  the  format 

Lon  of  polymer,  particularly 

when  the  crystal  is  sufficiently  thin  that  exposure  to  the 
light  would  be  reasonably  uniform  throughout  the  sample. 
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X-Ray  Diffraction  Study 

correlation  of  the  polymerization  behavior  of  N-(p-bromo- 
phenyl) dimethacryl amide  to  its  conformation  in  the  crystal 
lattice.  One  of  the  most  unequi vocable,  practical  methods 
of  determining  the  solid  state  conformation  of  a molecule 
is  by  small-angle  X-ray  diffraction.  It  was  therefore 
decided  that  this  method  would  be  the  most  valuable  probe 
for  the  monomer  study. 

After  recrystallizing  the  monomer  to  obtain  a single 
crystal  suitable  for  analysis,  geometric  data  collection 
with  Weissenberg  and  precession  cameras  revealed  that  the 
monomer  crystallized  ih  an  orthorhombic  space  group  of 

the  X-ray  analysis  is  given  in  Figure  4.  Intensity  data 
collection  and  subsequent  data  reduction  resulted  in  the 
solution  of  the  monomer's  crystal  structure  with  a reliabil- 
ity index  of  0.058.  The  computer-generated  ORTEP  drawing 
for  the  non-hydrogen  atoms  is  given  in  Figure  5.  The  final 
positional  and  thermal  parameters  for  the  non-hydrogen  atoms 

Appendix  I. 

must,  however,  be  made  from  consideration  of 


•jjo 


s“ 


s 


ME  ' 


Standard 


C9‘  3752  (3) 
C8'  3452  (3) 
C7*  3316  (3) 
O'  2936  (2) 


C 8 
C9 


C4 

C3 

C2 

Cl 


C5 


3727  (2) 
3155  (2) 
3162  (3) 
3168  (4) 
2825  (3) 
4084  (2) 
4473  (3) 
4886  (2) 
4910  (2) 
4522  (2) 
4107  (2) 
5471  (0) 
all  atoms 


r N-(p-Bromophenyl)dimethacrylamide 


X 

7028  (10) 
6577  (10) 
4874  (10) 
4492  (7) 

3756  (7) 

2317  (11) 
1126  (6) 
2362  (11) 
3432  (12) 
7642  (13) 
1112  (12) 
3892  (9) 
3480  (10) 
3590  (10) 
4111  (10) 


(11) 

(2) 


4906  (9) 

5724  (8) 

5784  (8) 

5506  (6) 

4995  (8) 

5258  (6) 

4069  (8) 

3180  (9) 

6548  (10) 
4168  (10) 
6129  (8) 

5477  (8) 

6070  (9) 

7272  (8) 

7927  (8) 

7334  (7) 

8067  (1) 


Table 


Pinal  Thermal  Parameters  and  Their  Estimated  Standard 
Deviations  for  NKP-Bromophenyl) dimethacrylamide 

hi  *22  B33  B12  B13  B23 


C9'  13  (12)  117 

C8‘  12  (12)  87 

C7'  10  (1)  93 

O'  7 (1)  110 

N 8 (1)  58 

C7  9 (1)  93 

0 12  (1)  61 

C8  8 (1)  104 

C9  14  (1)  177 

He'  26  (2)  86 

He  15  (1)  144 

C4  7 (1)  63 

C3  8 (1)  107 

C2  7 (1)  107 

a 8 (1)  92 

C6  8 (1)  134 

CS  8 (1)  123 

Br  9 (0)  302 


(18)  98  (11)  -12 

(14)  76  (10)  19 

(15)  57  (9)  14 

(10)  104  (7)  7 

(10)  72  (7)  -6 

(14)  69  (8)  -14 

(8)  132  (8)  -1 

(14)  72  (9)  -3 

(19)  71  (10)  -7 

(16)  135  (14)  -8 

(19)  154  (15)  -39 

(13)  71  (9)  -4 

(14)  68  (9)  0 

(15)  98  (11)  -8 

(16)  106  (12)  -11 

(15)  77  (8)  8 

(15)  66  (9)  0 

(2)  148  (1)  6 


(8)  2 (6)  24  (25 

(7)  -18  (6)  -42  (23 

(7)  -8  (5)  1 (21 

(5)  4 (3)  -3  (17 

(5)  -1  (4)  -33  (16 

(7)  12  (5)  -33  (23 

(5)  -8  (4)  -20  (15 

(8)  1 (5)  -72  (24 

(8)  -13  (7)  23  (27 

(11)  10  (9)  -50  (28 

(9)  -37  (8)  -2  (31 

(6)  -6  (5)  6 (19 

(7)  2 (5)  -7  (21 

(7)  7 (6)  2 (24 

(7)  -17  (5)  36  (23 

(8)  -10  (6)  7 (24 

(8)  8 (4)  13  (23 

(1)  -28  (1)  -59  (4 


i for  all  atoms  times  1 


Atoms  of  N-(p-Bromophenyl)dimethacrylami 


Atom  1 Atom  2 
112  C2 

H3  C3 


H5  C5 


H6  C6 

H91  C9 

H92  C 9 


H93  C9' 


5145(26)  3376  (98)  5634  (74) 
4426(18)  3341  (69)  4630  (54) 
3842(18)  4606  (72)  7769  (54) 
4532(23)  5041  (81)  8903  (66) 
2900(21)  3391  (76)  2556  (64) 
3418(23)  3802  (87)  3096  (74) 
3859(23)  7921  (89)  4710  (71) 
3911(30)  6344(108)  4074  (87) 
2704(30)  685(123)  3526  (90) 
2579(39)  1310(132)  3570(103) 
2918(22)  421  (92)  4144  (67) 
3038(35)  7144(151)  7516(112) 
3292(24)  8233  (88)  6540  (70) 
3362(33)  7488(154)  7261U04) 


ilues  for  all  positional 


Table  8 


Deviations  for  N- (p-Bromophenyl) dimethacrylamide 


3r-Cl  1.883  (8) 


C2-C3 

C3-C4 

C4-C5 

C5-C6 

C6-C1 

C4-N 

N-C7 


C8-C9 


N-C7 1 
C7'-0' 
C7'-C8' 
C8'-C9' 
C8 ' -Me ' 


1.388  (11) 
1.400  (11) 
1.380  (12) 
1.393  (11) 
1.407  (11) 
1.439  (10) 
1.409  (11) 
1.222  (10) 
1.479  (11) 
1.327  (13) 
1.456  (13) 
1.428  (10) 
1.203  (9) 
1.514  (12) 
1.312  (13) 
1.527  (14) 


C2-H2 

C3-H3 

C5-H5 


C9-H91 

C9-H92 


Me ' -HM6 


0.919  (79) 

0.932  (58) 

0.931  (55) 

1.133  (71) 

1.030  (66) 

0.830  (71) 

0.862  (98) 

0.990  (114) 
0.653  (77) 

0.856  (76) 

1.172  (93) 

1.193  (121) 
0.624  (75) 

0.970  (108) 


Table  9 


Br-Cl-C2 

C1-C2-C3 

C2-C3-C4 

C3-C4-C5 

C5-C6-C1 

C6-C1-C2 

C3-C4-N 

C5-C4-N 

C4-N-C7 

C7-N-C7' 

N-C7-0 

N-C7-C8 

0-C7-C8 

C7-C8-C9 

C7-C8-Me 

Me-C8-C9 

H-C7'-0' 

N-C7'— C8‘ 


H2-C2-C3 

C2-C3-H3 


H5-C5-C6 

CS-C6-H6 

H6-C6-C1 

C8-C9-H91 

H91-C9-H92 


J-H92 


110.9(5.2) 
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Table  9 (c 

Atoms Angle 

HM4 -Me ' -HM5  119.5(9.0) 

HM4-Me'-HM6  56.6(8.9) 

HM5-Me ' -HM6  76.9(9.6) 


id) 
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Table  10 

Selected  Dihedral  Angles  (°)  for 
N- (p-Bromophenyl) dimethacrylamide 


C3-C2-Cl-Br  177.63 


Angle 

181.03 

43.94 

160.71 

288.41 

1.85 

177.50 

123.47 

2.63 

245.86 

347.64 

185.11 

2.43 

168.92 
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process.  Considering  a unit  cell,  the  symmetry  related 
positions  of  monomers  in  unit  cells  directly  above,  below 
and  to  either  side  of  half  of  that  unit  cell  were,  therefore, 
plotted  and  are  reproduced  in  Figure  7.  From  these  symmetry 
related  monomers  the  intramolecular  and  intermolecular 

atoms  involved  in  the  polymerization  process  (C8,  C9,  C8', 
and  C9')  were  calculated  and  are  summarized  in  Tables  11, 

12,  13,  and  14. 

Electron  Spin  Resonance 

An  investigation  into  the  nature  of  the  propagating 
species  was  made  through  the  use  of  esr  techniques.  Irradia- 

the  sample  was  allowed  to  warm  to  room  temperature.  The 

the  irradiation  is  given  in  Figure  8a.  Computer  simulation 


equivalent  hydrogens  with  the  following  hyperfine  coupling 
constants:  agCH3  - 20  gauss;  agCH  = 9 gauss,  and  agCH  =•  35 

gauss.  The  intensities  of  the  fifth,  sixth,  and  ninth  lines 
from  the  left  of  the  spectrum  were,  however,  never  quite 
reproduced  in  the  simulation.  One  very  plausible  explanation 
for  this  irreproducibility  centered  on  the  likelihood  of  more 
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able  11 


Intra-  and  Intermolecular  Distances  and  Their  Estimated 
Standard  Deviations  in  the  Crystal  Lattice  from  C8  (Atom  1) 


C8 ' ‘Intramolecular 


c9  *.  t - i ♦ ■ 

C9 1 x,  y-1,  z 

C9-  -ij-yl.  « 

C9'  x,  | - y,  -t|  - z] 

C8 ' x,  y-1,  z 

CB'  j - x,  -l|  - y],  z 

CB'  x,  \ - y,  -[5  - z] 

C81  x,  \ - y,  -[j  - z] 

C8'  | - x,  1-y,  - z] 

M *.  1 - r.  5 * * 

C9  | - x,  -[|  - y],  z 

08  f-x,  -l|-y),z 


4.122  (0.012 
4.463  (0.012 
4.489  (0.013 
4.981  (0.012 
5.746  (0.011 
6.119  (0.013 
5.338  (0.013 
5.143  (0.011 
6.382  (0.012 
5.018  (0.012 
6.055  (0.011 
5.401  (0.012 
5.250  (0.012 
5.787  (0.012 
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Table  12 


Intra-  and  Intermolecular  Distances  and  their  Estimated 
Standard  Deviations  in  the  Crystal  Lattice  from  C9  (Atom  1) 

Atom  2 Symmetry  Relation  Distance 

between  A^  and  A2 


C8' 


CB 

C9 
C9 
C9 
C9 
C9  1 
C9 1 
C9  1 
C9 ' 
C8‘ 
C8' 


•Intramolecular 


•intramolecular 


x,  1 + (|-y), -(|-z) 


013) 

013) 

014) 

013) 

012) 

013) 

013) 

012) 

013) 


Table 


Intra-  and  Intermolecular  Distances  and  their  Estimated 
Deviations  in  the  Crystal  Lattice  from  C8'  (Atom  1) 


Symmetry  Relation 
between  A ^ and 


•Intramolecular 


•Intramolecular 


z>  - 1 


4.122 

3.940 

4.753 

6.453 


TabJ  i 


Ultra-  and  Intermolecular  Distances  and  their  Estimated 
Standard  Deviations  in  the  Crystal  Lattice  from  C9' 

Atom  (2)  Symmetry  Relation  Distance  (A) 

between  A , and  A ? 


‘Intramolecular 

‘Intramolecular 


\ - y,  -(£  - z) 

|-y.  $+* 

1 +(r-y)'  H 
-(?  + y><  i+  2 
y*  i + z 


013) 

013) 

013) 

012) 

014) 


Figure  8:  The  ESR  Spectra  of  y-Irradiated  N- (p-Bromophenvl) - 

dimethacrylamide  (a)  1 Day,  (b)  1 Week,  (c)  1 Month  after 
Irradiation;  (d)  4 Days  after  Opening  to  Air 


Hated  single  crystal 


temperatures  between  and  including  -196°C  and  20°C. 

on  the  same  polycrystalline  sample  (Figure  8b  and  8c) . 
Although  they  were  generally  characterized  by  some  loss  of 
fine  structure  and  intensity,  there  still  remained  a fairly 
large  amount  of  radical  centers  in  the  sample  over  a long 
period  of  time.  Exposure  of  the  sample  to  air  for  four 

Figure  8d.  This  was  consistent  with  the  probable  slow 
diffusion  of  oxygen  through  the  crystal  lattice. 


The  field  of  solid  state  polymerization  apparently  held 
little  attraction  for  polymer  chemists  until  the  early  1950s. 

unless  inhibited,  crystalline  vinyl  and  vinylidene  compounds 
were  known  to  be  quite  stable  for  long  periods  of  time. 

polymerization  of  liquid  monomers  with  y- rays97,  58 ' 59 
the  experiments  were  not  extended  to  the  crystalline  phase 
until  1951. 60  The  systematic  investigation  of  the  processes 

only  began  in  1954. 67  The  possibility  of  these  polymer- 
ization processes  being  highly  oriented  and  therefore 
leading  to  the  formation  of  crystalline,  oriented  polymers 
spurred  research  efforts  in  the  late  fifties  and  the  sixties, 


and  it  was  found  that  these  polymerizations  could  be 
initiated  by  X-rays  and  electron  beams  as  well. 

The  first  example  of  cyclopolymerization  in  the  solid 
state  was  reported  by  Gibbs  and  Van  Deusen63  in  1961. 

It  was  found  that  when  N,N-diallylmelamine  was  irradiated 
with  y~rays  from  a cobalt-60  source  a linear  soluble  polymer 

It  was,  therefore,  concluded  that  cyclopolymerization  had 

Solid  state  investigation  of  the  polymerization  behavior 
of  dimethacrylamides  was  first  begun  by  M.  Azori  et  al.64 
in  1966,  with  their  report  of  uhe  effect  of  X-ray  irradiation 
on  crystals  of  N-phenyldimethacrylamide.  In  1971,  Butler 
and  Myers  reported  the  y-ray  initiation  of  solid  state 

N-phenyl  derivatives. 40  Both  studies  reported  the  formation 
of  linear  soluble  polymers  with  exposure  to  the  ionizing 

N-phenyldimethacrylamide,  the  unbrominated  precursor  for 
this  study,  is  given  in  Table  15. 

There  are  two  primary  methods  of  carrying  out  the  polymer- 

to  the  radiation  at  the  polymerization  temperature  or  by 
polymerizing  at  a suitable  temperature  crystals  that  were 
preirradiated  at  a much  lower  temperature  at  which  chain 
propagation  is  presumably  insignificant.  Generally,  of  these 
two,  the  latter  process  is  preferred  because  the  processes 


Table  15 


Results  of  Previous  Solid  State  Polymerizations  of 


Radiation  type 
Irradiation  temperature 
Dose  rate  (Mrad/hr) 


13 

91 


Intrinsic  viscosity  0.26 

0.16 0.06 


V. A.  Kargen,  VJsokomolekul.  Soedin.  / 759  (1966). 
bG.B.  Butler  and  G.R.  Myers,  J.  Macromol.  Chem. , A5(l) , 135 
(1971) . 


In  this  study  the  polymerization  of  N- (p-bromophenyl) - 
dimethacrylamide  was  attempted  by  both  procedures.  The 
results  are  summarized  in  Table  4.  When  the  irradiation 
was  performed  at  -196°  and  the  post-polymerization  effected 
at  ambient  temperatures  for  30  days,  essentially  no  polymer 
was  obtained.  However,  when  the  irradiation  was  performed 


68 

at  ambient  temperatures  at  a much  larger  dose,  post-polymer- 
ization of  6 days  yielded  a 16'i  conversion  to  soluble  polymer. 

organic  solvents  it  was  concluded  that  crosslinking  or 
branching  had  not  occurred  to  an  appreciable  extent  during 

from  the  low  temperature  irradiations  could  have  been  improved 
(1)  by  increasing  the  total  dose  to  the  sample,  and  (2)  by 

molecule  has  a strong  tendency  to  absorb  the  energy  from 

proposal  is  supported  by  the  data  reported  by  Butler  and 
Myers’  in  which  lower  total  doses  were  required  to  polymerize 
N-methyldimethacrylamide  than  N-phenyldimethacrylamide. 
Conceivably,  then,  a total  dose  of  2 Mrad  was  not  enough  to 
initiate  appreciable  polymerization  even  though  esr  measure- 
ments on  a sample  that  had  been  similarly  irradiated 

been  generated.  In  the  second  case,  the  possibility  of 
zone  melting  occurring  at  the  polymer  interphase  exists,  and, 
therefore,  the  polymers  may  be  formed  more  as  a result  of  a 
liquid  rather  than  solid  state  process.  Quite  likely,  the 
large  yields  obtained  by  M.  Azori  et  al.64  were  results  of 


polyn 


presumed  that  polymerization  had  occurred  by  an  alternating 

could  be  composed  of  five-  or  six-membered  rings  or  both  as 
shown  by  the  following  equation.  To  distinguish  between 


these  two  possibilities  the  infrared  spectrum  of  the  polymer 

of  a five-membered  ring  generally  absorbing  at  a higher 
frequency  than  those  in  a six-taembered  ring.  In  1967, 


Sokolova 


3d  spectra 
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of  the  polymers  obtained  by  the  deamination  of  poly- (N- 
substituted  methacrylamide)  where  the  N-substituent  was  methyl, 
ehtyl,  propyl,  and  phenyl.  The  spectra  of  these  polymers 
were  also  compared  with  those  of  the  appropriate  N-substituted 
succinimides  and  glutarimides.  The  results  of  their  study 
when  the  N-substituent  was  phenyl  are  summarized  in  Table  16. 

Examination  of  the  1600-1800  cm-1  range  in  the  infrared 
spectrum  of  poly [N-(p-bromophenyl) dimethacrylamide 1 in 
Figure  1 revealed  a tr  .ng  absorption  at  1710  cm"1  and  shoul- 
ders at  approximately  1/80,  1680,  and  1730  cm"1.  Since  the 
first  two  absorptions  correlated  well  with  the  carbonyl 
stretch  of  six-membered  cyclic  imides  (N-phenylglutari mide 
and  the  polymer  resulting  from  the  deamination  of  polylN- 
phenylmethacrylamide) ] and  the  second  two  with  those  of  the 

concluded  that  the  infrared  analysis  afforded  strong  evidence 
for  the  existence  of  both  five-  and  six-membered  rings  in 
poly  IN- (p-bromophenyl) dimethacrylamide).  The  exact  percent- 
ages of  each,  however,  could  not  lie  determined  using  the 
infrared  spectrum. 

The  high  field  region  of  the  high  resolution  pmr  spectrum 

and  61.71  which  correspond  to  the  chemical  shifts  reported 
for  the  methyl  hydrogens  on  a five-  and  six-membered  cyclic 
imide  ring,  respectively. 40  The  two  peaks  were  very  broad, 
however,  and  overlap  which  made  quantitative  assessment  of 
the  structure  approximate  at  best. 


Table  16 


Infrared  Carbonyl  Stretching  Frequencies 
of  N-Phenyl  Polyimides  and  Cyclic  Imides 


Compound  Type R 1 2_ 


R 


1730 


C6H5  1712 


1780 


Free  Radical  Polymer  of 


1787 


lT.A.  Sokolova 
1157  (1967) ■ 
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mobility  is  limited  by  lattice  restraints.  Since  this 
diffusion  is  a prerequisite  for  all  chemical  reactions,  motion 
of  some  type  must  nevertheless  occur  after  initiation  by 

of  solid  state  processes  should,  therefore,  hinge  more  on 


the  spatial  relationships  of  the  reactive  groups  in  the  crys- 
tal lattice  than  on  their  chemical  reactivity.  Indeed, 

often  differ  widely  in  their  mode  of  reaction  in  the  crys- 
talline state.  There  exist  in  the  literature  many  indications 
that  the  geometry  of  the  lattice  does  exhibit  control  on 
whether  or  not  a reaction  will  occur  and,  if  so,  which  direc- 
tion it  will  take.65'69 

One  considerable  difficulty  in  the  study  of  solid  state 


is  actually  a result  of  the  solid  rather  than  the  liquid 
phase  processes.  This  should  be  of  concern  in  this  study 
since  the  monomer  (as  well  as  many  other  organic  molecules) 

polymerization  process  involves  the  breaking  of  a double  bond 

the  overall  process  leading  to  a pronounced  contraction  with 
an  energy  release  of  approximately  10  to  15  kcal/mole.  Such 
a large  energy  release  could  result  in  partial  melting  of 
the  crystal  at  the  polymerization  site.  In  these  cases 


3d  by 


the  crystal  and  is 


lit  of 


dence70  are  valuable  in  establishing  that  the  crystal 
lattice  controls  the  course  of  the  reaction: 

(1)  The  crystalline  phase  of  the  molecule  may  react  while  the 


(2)  Closely  related  compounds  react  very  differently  in 


(3)  Different  reaction  products  are  obtained  from  the  solid 


(4)  Different  crystal  modifications  of  a compound  result 

crystallographic  direction  of  the  parent  molecule. 

In  an  attempt  to  determine  how  the  cyclopolymer  of 
N-(p-bromophenyl) dimethacrylamide  was  formed  and  what  role 
the  crystal  lattice  played,  an  X-ray  diffraction  study  of 
the  monomer  was  undertaken.  Once  the  exact  positions  of  the 

polymer  formed  as  it  did. 

An  initial  inspection  of  the  ORTEP  drawing  in  Figure  5 
led  to  several  interesting  observations.  First,  the  imide 

This  correlated  well  with  the  early  predictions42  that 
dimethacrylamides  would  be  conformationally  similar  to 
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Br 


not  a coplanar  arrangement  of  the  imide  group  which  was 

Dihedral  angle  measurements  indicated  that  O'  was  skewed 
out  of  the  plane  containing  C7 ' -N-C7  by  26.6“  while  0 was 
skewed  out  by  34.18“.  The  phenyl  ring  oriented  in  a plane 
with  a dihedral  angle  of  65“  to  the  imide  plane  and  therefore 
extended  conjugation  of  the  imide  group  through  the  phenyl 

Equally  striking,  albeit  somewhat  expected,  was  the 
observation  that  neither  of  the  methacryl  groups  had  a 
coplanar  arrangement  of  the  carbon-carbon  double  bond  and 
the  carbonyl  group  in  the  crystalline  state.  There  was 
a dihedral  angle  of  215.9“  between  the  atoms  C9'-C8'-C 7' -O', 
which  was  nearly  36°  away  from  a coplanar  arrangement.  Simi- 
larly, the  atoms  0-C7-C8-C9  oriented  with  a dihedral  angle 


roughly  50“  from  a coplani 


7b 

Though  both  groups  were  in  the  s-trans  orientation,  the  mole- 
cule had  crystallized  in  a conformation  that  did  not  allow 
maximum  overlap  of  the  pi  clouds,  presumably  in  a higher 

ization  process)  was  the  relative  orientation  of  the  two 

angle  of  87.45°  to  each  other.  This  nearly  perpendicular 

allow  no  possibility  for  a through-space  overlap  of  the  pi 
clouds  of  the  two  carbon-carbon  double  bonds.  Therefore, 
it  was  immediately  obvious  ihat  the  monomer  did  not  crystal- 

through-space  nonconjugated  interaction  of  the  double  bonds. 
If  the  cyclopolymerization  could  not  be  explained  on 

tion,  how,  then,  did  the  polymer! nation  processes  occur? 

Why  did  irradiation  of  the  monomer  lead  exclusively  to  cyclo- 
polymer? ft  comparison  of  the  intramolecular  and  intermolecu- 

a comparison  might  be  fully  appreciated,  it  might  be  appro- 
priate to  first  mention  a systematic  study  performed  by 
Schmidt  and  coworkers  on  the  relationship  between  lattice 
geometry  and  the  photodimerization  of  olefins. 7'--73  Their 


photolysis  product  dii 


could  be  explained  by  correlation  to  the  corresponding  crys- 

acid,  the  "a-type"  (with  an  antiparallel  packing  of  adjacent 
molecules  and  3.7  A between  the  nearest  neighbors)  led 
exclusively  to  the  formation  of  head-t.  -tail  dimer  upon 
photolysis.  On  the  other  hand,  the  "B-type"  in  which  the 

nearest  neighbors  led,  upon  photolysis,  exclusively  to  head- 
to-head  dimer.  When  the  nearest  neighbors  were  never  less 
than  4.7  A apart  and  adjacent  molecules  were  antiparallel 
as  in  the  ”Y-type"  direct  photolysis  yielded  no  dimerization. 
A general  rule  that  derived  from  these  and  similar  data  was 

which  the  distance  between  the  adjacent  double  bonds  was  less 
than  the  critical  value  of  4 A.  For  longer  distances  the 
compound  was  light  stable.  Ilirshfeld  and  Schmidt^  extended 
that  postulate  to  compounds  that  undergo  solid  state  polymer- 
ization for  which  crystallographic  data  were  available. 


hypothesis  were  valuable 


in  explaining  the  solid  state  polymerization  behavior  of 
N- (p-bromophenyl) dimethacrylamide.  Examination  of  the 


agraphically 


>leculi 
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C8',  and  C9‘,  which  are  summarized  in  Table  17,  served 
to  clarify  the  processes  considerably.  Intramolecular 


C9 
C8 
C8' 
C9  ' 


Table  17 

;nt  Intramolecular  and  Intermolecular  Distan 
Involved  in  the  Solid  Stat.  Polymerization 
N-  ( p-Bromopheny  1 ) > 1 ime  tiiacry  lami  de 

C8*  3.940  C8 

C9 ' 4.002 

C8‘  4.122  C9 

C‘J ' 4.453 

C8  4.122  C9‘ 

C9  3.940 

C8  4.453  C8' 

C9 4.002 


lolecular 


4.753 


4.753 


distances  from  C9  to  C8‘  and  C9‘  were  3.940  A and  4.002  A, 


was  4.122  A away.  The  other  intramolecular  site,  C9'  was 
4.453  A removed  which  was  almost  as  far  away  as  the  nearest 
intermolecular  site  (C9  at  4.489  A).  The  atom  C8‘  was  fairly 


The  clos 


reactor,  C9',  was  0.6  A further  away.  And,  finally,  the 
closest  intramolecular  reacting  site  for  C9'  was  C9  which 
was  4.002  A away.  The  second  intramolecular  possibility, 

molecular  route  was  even  further  separated  - C8'  at  4.753  A. 
All  of  the  carbons  in  the  double  bonds  had  a least  one  and, 
in  some  cases,  two  potential  intramolecular  reactive  sites 
that  were  approximately  4 A away,  the  critical  distance 
found  by  Schmidt  beyond  which  reaction  should  not  occur. 

me  vcular)  were  at  least  0.4  - 0.7  A further  away. 

The  significance  of  the  distances  separating  the  ' 
reacting  centers  might  be  further  emphasized  by  pointing 

borne  out  by  the  persistence  of  the  anisotropy  of  electron 
spin  resonance  spectra  of  irradiated  single  crystals  such 

of  months.  The  radicals  which  were  generated  in  the  crystal 
remain  precisely  oriented  in  the  crystal  lattice,  indicating 
a very  limited  extent  of  diffusion.  The  diffusion  coefficient 

techniques78  to  be  1 - 2 x 10-10  cm2sec_1  at  177°C  <40»C 
below  the  melting  point) . This  value  is  about  five  orders 
of  magnitude  below  typical  data  for  liquids.  The 
activation  energy  for  the  diffusion  of  anthracene  molecules 


Since  these  diffusion  processes  are  so  slow  and  the 
activation  energies  so  high  the  course  of  the  solid  state 
reaction  should  be  very  much  determined  by  the  distances 
separating  the  reactive  sites.  After  irradiation  with  the 
cobalt-60  Y~rays  the  initiating  species  is  formed  at  one  of 
the  two  carbon-carbon  double  bonds.  Once  formed,  whether  it 
be  an  ion  or  radical,  the  species  will  have  a different 
configuration  than  it  had  in  the  unreacted  form.  As  these 
changes  are  unpredictable  it  would  be  impossible  to  deter- 
mine precisely  the  relative  orientation  of  the  species  to 
the  other  reaction  sites.  Since  the  atoms  must  diffuse  from 
a distance  of  4 A apart  to  the  distance  of  the  carbon-carbon 
single  bond  (approximately  1.4  A)  it  is  also  highly  question- 
able whether  their  original  orientation  would  be  maintained 
through  such  a displacement.  Therefore,  correlations  of 
the  crystallographically  determined  atomic  positions  to  the 
ring  sizes  in  the  polymer  backbone  would  be  somewhat  unfounded. 
However,  in  all  cases  the  distance  between  the  shortest 
intramolecular  route  and  the  shortest  ^.termolecular  one 
(0.4  - 0.7  A differences)  was  large  enough  that  it  was 
reasonable  to  predict  that  the  initial  orientation  changes 
would  not  drastically  change  this  trend.  Therefore,  it 
appeared  that  the  molecule  had  crystallized  out  in  a con- 
formation that  would  favor  intramolecular  propagation  over 
the  intermolecular  route  as  long  as  the  crystal  lattice  main- 
tained control  on  the  polymerization. 


ilculated  weio  so 


large  it  is  somewhat  surprising  that  the  molecule  was  capable 
of  reacting  with  a second  molecule  at  all.  One  contributing 
factor  that  could  facilitate  that  propagation  was  the 
possibility  that  the  phenyl  ring  dissipated  thermally 

enough  to  increase  molecular  vibrations  until  propagation 
could  occur.  Once  an  addition  did  occur  the  heat  of  poly- 
mobility. It  should  be  pointed  out,  though,  that,  even  with 

be  only  11  or  12,  indicating  that  these  polymerization  pro- 
cesses wer  still  not  extremely  easy.  This  was  almost 
certainly  due  to  the  large  distances  through  which  the 
reacting  sites  had  to  diffuse  before  reaction  could  occur. 

Examination  of  the  symmetry  relations  between  the 
reacting  atoms  and  the  closest  intermolecular  reactors 
(Tables  11  - 14)  revealed  that  the  shortest  distance  between 
the  carbon-carbon  double  bonds  was  always  in  one  crystallo- 
graphic direction  [x,  j - y,  j + z] . Therefore,  polymeriza- 
tion, as  long  as  it  was  controlled  by  the  geometric  arrange- 
ments of  the  monomer  molecules  in  the  crystal  lattice,  should 

disordered  and  the  relative  orientation  of  the  monomer 

no  longer  be  a result  of  these  crystallographically-deter- 


mined  lattic 


79,  80 


and 


the  disordering  of  the  unreacted  crystal  lattice  during  the 
polymerization . 

In  an  attempt  to  investigate  more  completely  the  pro- 
cesses occurring  in  the  solid  phase  electron  spin  resonance 
studies  were  made  on  irradiated  polycrystalline  samples 
of  the  monomer.  The  spectra  obtained  were  reproduced  in 
Figure  8.  It  was  immediately  obvious  that  radical  centers 
were  generated  by  the  radiation,  although  the  concentration 

species  that  could  have  been  present  in  the  irradiated  sample 
are  given  below.  Differentiation  between  the  firs  I.  two 
would  be  fairly  difficult  unless  the  coupling  constants 
of  the  B-hydrogens  were  widely  different  for  the  two 
intermediates.  The  third,  however,  would  be  expected  to 
give  a esr  spectrum  consisting  of  a triplet  with  1:2:1 


Br 


dues  the  spectra  exactly  it  is  quite  likely  that  at  least 
two  and  possibly  all  three  of  these  species  were  present  in 
the  sample.  The  slight  changes  in  the  intensities  and  fine 
structure  of  the  spectra  with  time  could  be  attributed  to 
propagation  occurring  or  radical  recombinations  and  termina- 

long  time  was  certainly  indicative  of  the  restricted  mobility 
of  the  monomers  in  the  crystal  lattice.  Had  the  temperature 
been  higher,  however,  it  is  lii.ly  that  the  mobility  could 
have  been  considerably  increased  and  the  reactions  occurring 
would  have  been  much  faster.  A similar  study  reported  by 

acrylamide  indicated  that  the  12-line  spectrum  obtained 
did  not  change  with  prolonged  heating  of  the  sample  at  303°  K 
although  its  intensity  decreased.  They  did  not  report  the 
effect  of  higher  temperature  on  the  signal.  Once  the  radi- 
cal centers  were  generated  in  the  crystalline  monomer  they 
apparently  continued  reacting  at  room  temperature  and  would 

and  the  sample  dissolved. 

lattice  was  determined  fairly  precisely  as  well  as  the 
crystallographic  direction  through  which  propagation  should 


initially 


srystal  lattice  due 


the  polymerization  proces 


Generation  of  active  centers  in  a single  crystal  by 
y-irradiation  at  -196°C  has  been  shown  to  result  in  the 
formation  of  radical  sites  that  are  precisely  oriented  with 


nal  from  irradiated  N- (p-bromophenyl) dimethacrylamide  when 

of  the  spectrometer  should,  therefore,  reveal  an  orienta- 
tion effect  (anisotropy)  in  the  spectra.  As  the  sample  is 

resulting  in  a new  intermediate  with  perhaps  a new  orienta- 
tion in  the  crystal  lattice.  A change  in  the  anisotropy 
of  the  signal  might  be  detectable  at  that  temperature. 

As  the  temperature  of  the  sample  is  raised  even  further, 

when  molecular  mobility  has  increased  enough  that  the  large 
distances  separating  the  molecules  might  be  surmounted. 

At  least  one  of  these  transitions  and  possibly  both  should 

into  these  possibilities  is  presently  being  conducted. 

In  conclusion,  the  solid  state  polymerization  of  N- 
(p-bromophenyl) dimethacrylamide  yielded  a soluble,  linear 

membered  rings.  The  X-ray  diffraction  analysis  of  the 
crystalline  monomer  indicated  that  it  crystallized  in  a 
conformation  which  would  favor  cyclization  over  inter- 


molecular  propags 


sight  of 
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polymer  obtained  could  be  explained  by  the  large  distances 
separating  the  reacting  sites.  Electron  spin  resonance 

cated  that  a large  amount  of  radical  centers  were  generated 
by  the  irradiation  and  that  they  would  persist  for  long  times 
in  the  absence  of  external  disturbance,  which  indicated  that 
polymerization  might  continue  indefinitely  in  the  crystal 
lattice . 
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constant,  e = 2.274),  chloroform  (e  = 4.726),  and  aceto- 
nitrile (e  = 38.8).  The  absorption  range,  1600  - 1800  cm' 
over  which  carbonyl  stretching  vibrations  generally  occur 
is  shown  for  each  of  the  spectra  in  Figure  9. 
Polymerization  Studies 

Free  radical  initiation  - The  free  radical  initiated 
polymerisation  of  N-phenyldimethacrylami de  has  been  repor 
elsewhere.9'  40'  84  In  this  work  the  polymerization  of 

the  effect  of  reaction  conditions  such  as  polarity  of  the 
medium  and  the  temperature  of  the  polymerization  on  the 

initiation  a linear  soluble  polymer  was  obtained.  Spectr 
investigation  of  said  polymers  indicated  no  residual 
unsaturation.  The  effect  of  temperature  on  the  polymer 

reactions  in  benzene  in  sealed  evacuated  polymerization 


The  high  resolution  pmr  spectra  of  the  polymers  isolated 
are  given  in  Figure  10.  Comparison  of  the  methyl  shifts 
6 1.5  and  6 1.7  with  those  reported  by  Butler  and  Myers  8 
for  poly (N-phenyldimethacrylamide)  indicated  that  a large 
percentage  of  five -me inhered  ring  was  formed  in  the  polyine 
ization  at  lower  temperature.  Nearly  doubling  the  reacti 
temperature,  however,  resulted  in  a stronger  preference  f 


for  five-membered 


89 


II 


ithyl  shifts  fc 


able  to  both  ring  sizes  were  large.  Further  investigation 
of  the  spectra  with  a higher  resolution  spectrometer  might 
enable  the  separation  of  the  various  stereoisomers  and 
therefore  make  the  assignments  more  definitive. 

The  effect  of  the  polarity  of  the  medium  on  the  polymer 

dimetharylamide  in  dimethyl formamide  and  comparing  the 

linear  soluble  polymer  whose  high  resolution  pmr  spectrum 

membered  ring  was  formed  at  relatively  low  reaction  tempera- 

The  polymerization  conditions  and  results  are  summarized 
in  Table  18.  Analysis  of  the  polymers  by  gel  permeation 
chromatography  yielded  the  chromatograms  shown  in  Figure  12. 

Ionic  initiation  - The  anionic  polymerization  of 
N-(p-bromophenyl) dimethacrylamide  was  attempted  using  two 

the  polymerization  attempts  are  summarized  in  Table  19.  In 
all  attempts  the  debromination  of  the  aromatic  ring  was 
highly  favored  over  the  attack  on  the  carbon-carbon  double 
bonds.  In  the  case  of  n-butvllithiura  the  monomer  presumably 

formed,  the  aryl  anion  XIV  was  then  able  to  initiate 
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Figure  12:  Gel  Permeation  Chromatograms  of  l"oly(N-(p- 

Bromopheny  1-)  dimethacrylamide  Polymerized  in  Benzene  at 

58°  Benzene  at  114'1  ( . .);  and 

Dimethylformamide  ( ) 
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polymerization  of  the  double  bonds;  hence,  the  formation 

however,  was  not  nucleophilic  enough  to  react  with  the 
double  bonds.  Warming  the  reaction  to  room  temperature 
resulted  in  debromina t ion  of  the  aromatic  ring  and  no 
detectable  polymerization.  Although  potassium  t-butoxidt 
has  been  used  to  initiate  polymerizations85of  acrylamides 
and  methacrylamides,  in  this  case,  it  preferred  to  react 
with  the  aryl  halide  rather  than  with  the  double  bond. 
Although  not  accomplished  here,  the  anionic  polymerizatior 
of  N-(p-bromophenyl) dimethacrylamide  should  be  possible. 
The  initiating  system  should  be  much  more  nucleophilic 
than  it  is  basic  so  that  competition  by  the  debromina- 
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Comparison  of  the  infrared  spectra  of  N-(p-bromo 
dimethacrylamide  in  Nujol  mull  and  KBr  pellet  indicated 
little  difference  between  the  two.  It  therefore  seemed 
likely  that  the  absorptions  observed  in  the  1600  - 1800  cm-'' 
range  for  the  monomer  were  actually  indications  of  the 
environment  of  the  carbonyls  in  the  crystal.  It  has  been 

induced  by  the  pellet-grinding  process8®  but  this  did  not 

orientation  of  the  imide  carbonyls  as  determined  by  the 
X-ray  diffraction  study  was  characterized  by  the  infrared 
spectra  shown  in  Figure  9a  and  9b. 

Dissolution  of  the  monomer  in  benzene,  chloroform,  and 
acetonitrile  gave  infrared  spectra  with  the  same  fine  struc- 
ture as  observed  in  the  solid  phase  with  the  notable  excep- 
tion of  the  strong  absorption  which  appeared  at  1670  cm-1 
in  all  three  solution  spectra.  Several  explanations  for 
this  new  band  could  be  proposed,  the  one  of  greatest  inter- 
est being  concerned  with  the  conformation  of  the  molecule. 
Once  the  restraints  of  the  crystal  lattice  were  lifted  and 

orient  so  that  the  carbonyls  would  be  in  a different  environ- 
ment than  they  were  in  the  crystal  phase.  The  stretching 
vibrations  of  the  carbonyls  in  this  new  environment  might 
then  occur  at  a new  wavelength!  hence,  the  new  absorption 


band.  The 


the  solid  pha 


Figure  13:  Steric  Interactions  in  Dimethacrylamides 

and  these  steric  requirements  might  then  make  the  largest 

these  conformations  could  be  favored  enough  so  that  the 
change  in  the  solvent's  dielectric  constant  from  2 to  39 

detectable  by  a spectrometer  with  that  resolving  power. 

The  free  radical  initiated  polymerizations  revealed 
several  interesting  features.  Analysis  of  the  polymers  by 
pmr  indicated  that  solvent  polarity  had  little  effect  on  the 
structure  of  the  polymer  although  the  yield  was  higher  in 
benzene  than  in  dimethyl formamide.  In  both  benzene  and 
dimethyl formamide  there  was  a 4:1  preference  for  the  forma- 
tion of  five-membered  instead  of  six-membered  ring  at  lower 
reaction  temperatures.  This  was  contrary  to  the  initial 
reports  on  cyclopolymerization  which  proposed  that  the 


polymerization  should  proceed  toward  the  formation 
thermodynamically  more  stable  ring  size  which,  in  the  case 
of  1,6-dienes,  should  be  XV  rather  than  XVI.  The  evidence 
that  was  offered  for  the  formation  of  six-membered  rings 


in  these  cyclopolymers88  nas  however  since  been  reinterpreted 
as  also  being  consistent  with  the  presence  of  five-membered 
cyclic  units  along  the  polymer  backbone.88  Thorough  investi- 
gation of  the  structures  of  cyclopolymers  has  recently  pro- 
vided additional  evidence  that  quite  a few  of  these  polymer- 
izations proceed  through  the  thermodynamically  less  stable 
intermediate,  with  the  primary  rather  than  the  secondary  or 
tertiary  cyclized  radical  being  formed.88,  8* 

In  a review  by  Julia82  the  cyclization  of  1-substituted 
5-hexenyl  radicals  was  reported  to  largely  favor  the  forma- 
tion of  five-membered  rings  at  lower  temperatures  as  shown 
below.  This  preference  was  evident  even  though  the  cyclo- 
pentylmethyl  isomer  was  less  stable  than  the  cyclohexyl 
isomer  due  to  ring  strain  and  eclipsing  of  the  substituents. 
Julia  proposed,  as  shown  in  Figure  14,  that  the  cyclized 


stituted  radical,  which  would  make  the  reverse  reaction  a 


Stabilizing  Substitutents  X and  Y 
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could  then  be  explained  by  equilibration  of  the  more  rapidly 
formed  cyclopentane  radical  (which  was  a result  of  kinetic 
control)  to  the  more  stable  cyclohexane  isomer  (favored  by 

occurred. 

Should  kinetic  control  predominate  in  cyclopolymeri ra- 
tion it  would  necessarily  Be  dependent  on  the  lifetime  of 

to  a thermodynamically  more  stable  isomer  to  occur.  This 
would  be  expected  when  the  polymerization  is  characterized 

particular  cyclic  structure.  Kinetic  control  might  also 

equilibrium  process  and  if  the  primary  radical  were  more 
reactive  than  the  secondary  or  tertiary  radical. 

If  the  ring  formed  in  the  cyclization  reaction  is  a 
heterocycle  or  contains  a sp2-hybridized  atom,  caution 
should  be  exercised  in  predicting  whether  the  reaction  pro- 

favored  from  thermodynamic  considerations.  For  example,  a 

hexanol  indicates  that  the  formation  of  cyclopentanone  is 
much  faster93  than  that  of  cyclohexanone.  The  introduction 
of  the  carbonyl  group  into  the  f ivc-membered  ring  makes 
the  geometry  of  that  carbon  planar,  thereby  relieving 
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carbons  that  had  existed  in  the  alcohol.  Oxidation  of 

chair  form  it  had  occupied  and  introduces  eclipsing  strain 

a heteroatom  such  as  nitrogen,  oxygen,  or  sulfur  may  not 
necessarily  orient  with  the  same  109°  tetrahedral  angles 
that  a methylene  group  would.  This  angular  arrangement 
could  be  different  enough  that  the  five-mombered  ring  could 

stabilization  of  the  intermediate  radical  formed  and  the 
stability  of  the  ring  both  contribute  to  the  enthalpy  of 
the  cyclization  process.  Entropy  of  activation  for  the  ring- 
forming reaction  might  likewise  be  a factor  in  determining 
the  product  distribution,  particularly  at  higher  temperatures. 
The  ring  formed  in  the  cyclopolymerization  of  N- ip- 

percentages  of  five-membered  rings  formed  at  low  polymeriza- 
tion temperature  could  not  therefore  be  assigned  apriori 

intermediate  is  generally  considered  to  be  less  favored 
thermodynamically  than  that  of  the  secondary  or  tertiary 
radicals.  Nearly  doubling  the  reaction  temperature,  however, 

the  percentage  of  six-membered  ring,  which  led  to  the  con- 
clusion that  it  was  the  product  favored  thermodynamically. 


was  XVIII.  If  he  assumed  that  after  the  propagating  chain 
added  to  one  methacryl  group  the  other  retained  its  s-cis 


or  s-trans  conformation  until  cyclization  occurred,  the 
structure  of  the  polymers  he  obtained  could  be  explained. 

No  matter  which  methacryl  group  the  propagating  radical 
attacked  in  XVII  the  remaining  one  would  be  in  a s-cis 
orientation.  Rotation  about  the  N-C  bond  would  most  likely 
result  in  the  formation  of  five-membered  ring.  For  XVIII 
he  acknowledged  that  there  were  two  possibilities:  (1) 

addition  initially  to  the  s-trans  methacryl  group  with  the 
resultant  formation  of  five-membered  ring  or  (2)  addition 
to  the  s-cis  methacryl  group  and  subsequent  cyclization  to 
six-membered  ring.  He  attributed  the  cyclopolymerization 
of  dimethacrylamide  to  give  predominantly  six-membered  rings 
to  the  greater  reactivity  of  the  s-cis  methacryl  group. 


Athough  the  conformation  of  N-(p-bromophenyl)dimethacryl- 


amide was  fairly  accurately  known  in  the  solid  state  the 
infrared  analyses  presented  some  evidence  that  could  be 
explained  by  imide  orientation  changes  when  the  compound 
was  dissolved.  It  was  therefore  difficult  to  predict  pre- 
cisely the  orientation  of  the  monomer  before  it  reacted 
with  the  initiating  or  propagating  radical  species.  The 
steric  interactions  between  one  double  bond  and  the  methyl 
or  the  hydrogens  on  the  terminal  methylene  of  the  other 
carbon-carbon  double  bonds  should  be  quite  large.  The  exact 
preorientation  of  the  two  double  bonds  for  five-  or  six- 
membered  ring  formation  without  appreciable  bond  rotations 
was  not  likely.  If,  however,  the  molecule  existed  in  a 
conformation  that  minimised  these  steric  repulsions  in  the 
ground  state,  initiation  of  one  of  the  double  bonds  and  a 
subsequent  bond  rotation  could  lead  to  reaction  with  the 
more  accessible  carbon  in  the  second  double  bond.  If  that 
closer  carbon  weie  the  8-carbon,  five-membered  ring  would 
be  formed  faster  in  the  cyclopolymerization  reaction. 

In  a 1,6-diene  there  are  generally  quite  a few  degrees 
of  rotational  freedom  available  to  the  molecule  as  a whole. 
Predictions  based  on  a monomer  retaining  all  but  one  rotation- 
al orientation  during  a reaction  should  therefore  be  more 
with  caution.  For  example,  the  possible  rotation  axes  of 
the  carbon  chain  in  1, 6-heptadiene  are  labelled  in  XIX. 

After  initiation  of  one  of  the  double  bonds  rotations  around 
tl,  t2,  t3,  and  x4  could  all  conceivably  occur  before  the 


second  double  bond  could  be  presented  to  the  secondary 
radical  in  a conformation  that  would  favor  the  cyclopolymer- 
ization reaction.  With  all  these  degrees  of  freedom  either 
the  a-  or  P-carbon  of  the  double  bond  might  approach  the 
radical  site  readily  and  any  attempts  to  predict  the  predomi- 
nant route  would  be  unwarranted.  (This  argument  presupposes 
that  there  is  no  preorientation  of  the  two  double  bonds  for 
the  cyclization  reaction.) 

In  N- (p-bromophenyl) dimethacrylamide  the  chain  probably 
is  not  quite  so  flexible.  One  factor  that  should  certainly 
limit  the  rotational  freedom  of  the  molecule  is  the  energy 
barrier  for  rotation  around  the  nitrogen-carbonyl  bond  of 
the  imide  group.  Generally  these  are  considered  to  be  quite 
high  since  the  rotation  would  necessarily  involve  the  disrup- 
tion of  pi  cloud  delocalization  throughout  the  system.  Con- 


straints should  also 


rather  large 
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requirements  o£  the  nitrogen  substituent,  the  phenyl  ring. 

The  orientation  of  the  two  methucryl  groups  would  probably 
be  one  in  which  their  interaction  with  the  phenyl  ring  would 
be  minimized.  Still  a third  restriction  for  rotation  would 
be  made  by  the  two  bulky  methacryl  groups  themselves.  A 
large  energy  barrier  for  those  rotations  which  resulted  in 
close  approach  of  the  two  methyls  or  two  methylene  groups 
would  be  expected.  It  is  not  improbable  that  these  steric 
requirements  would  limit  severely  the  number  of  energetically- 
favorable  conformations  that  would  be  available  to  the 
monomer.  It  is  also  not  improbable  that  one  of  the  meth- 
acryl groups  might  approximately  maintain  the  same  orienta- 
tion until  approached  by  the  reacting  species,  which  could 
favor  the  formation  of  one  ring  size  over  another  in  the 
cyclopolymerization  reaction. 

In  conclusion,  the  distribution  of  the  ring  sizes  in 
the  polymer  formed  by  solution  polymerization  was  quite 
different  from  that  formed  by  solid  state  polymerization. 

This  provided  additional  evidence  that  the  latter  processes 
were  governed  to  some  extent  by  the  restraints  of  the 
crystal  lattice  and  that  the  molecular  motion  was  not  as 
free  as  it  might  be  in  solution.  Almost  certainly,  however, 
the  solution  processes  were  also  affected  by  the  orientation 
of  the  molecule,  that  orientation  being  somewhat  restricted 
by  the  large  steric  requirements  within  the  molecule.  In 
order  to  determine  the  relative  importance  of  these  steric 


decided 
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requirements  on  the  molecule  it  was 
mechanical  conformational  analysis  of  the  monomer  might 
be  of  value.  The  results  are  given  and  discussed  in  the 
following  chapter. 


CHAPTER  V 

CONFORMATIONAL  ANALYSIS 


tions  would  very  quickly  become  numerically  difficult  and 
economically  not  feasible.  Consequently,  semiempirical 
molecular  orbital  methods  have  qenerally  been  the  methods 
of  choice  for  calculations  on  larger  molecules.  These 

of  each  conformation. 

Methods  such  as  Extended  Huckel  (EH)100'  101  and  com- 
plete/incomplete neglect  of  differential  overlap  (CNDO/ 
INTO)102'  103  treatments  have  been  used  previously  for 
conformational  analyses  but  EH  generally  exaggerates  rota- 
tional energy  barriers  wher 


reas  CNDO/INDO  predicts 
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benzenes*1^  indicated  that  the  hydroxy  group  more  nearly 
resembled  bromine  of  any  of  the  choices  in  its  effect  on 
the  electron  density  localized  on  the  atoms  in  the  benzene 

with  a hydroxy  group  para  to  the  nitrogen  and  oriented  so 
that  a lone  pair  was  parallel  to  the  pi  cloud  of  the  benzene 
ring.  Standard  bond  angles  and  lengths  ^ ^ ^ for  the  hydroxy 
group  were  used  as  input  for  the  progiam.  The  molecule  used 

axes  of  rotation  labelled  Tl,  t2,  t3,  t4,  and  t5. 

Discussion  of  the  results  should  be  prefaced  with  the 
reminder  that  the  energies  calculated  do  not  necessarily 
reflect  the  absolute  energies  of  the  conformers  but  are 

conformation  changes  in  the  energy  of  the  conformer. 

As  is  shown  in  Table  20,  preliminary  calculations 
demonstrated  very  rapidly  that  the  energy  of  the  crystal 
conformation  (as  well  as  the  energy  of  many  other  conforma- 
tions) could  be  appreciably  lowered  by  a rotation  of  35“ 

in  a plane  perpendicular  to  that  containing  the  following  atoms. 
C7'-N-C7 

Subsequent  calculations  were  made  with  that  perpendicular 
arrangement  of  the  phenyl  ring.  The  energies  calculated 
thereafter  should  not  be  affected  by  preferential  inter- 
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Table  20 

Preliminary  PCILO  Calculations 

Rotation  Increment  from  Energy 

Crystal  Conformation (kcal) 

0 -111274.00 

t5  = 35”  -111288.94 


tions  of  the  imide  groups.  The  results  obtained  for  the 


as  the  effect  of  the  methacryl  conformation  on  the  energies 
are  given  in  Tables  21,  22,  and  23,  respectively.  Since 

between  the  methacryl  groups,  the  effect  of  twisting  one 
or  both  of  the  groups  to  a dihedral  angle  of  90°  with 
respect  to  the  C7'-N-C7  plane  was  investigated.  These  re- 
sults are  given  in  Tables  24,  25,  26,  and  27.  The  search 
for  conformations  that  were  lower  in  energy  than  the  crystal 

the  imide  or  methacryl  groups  revealed  the  orientations 
described  in  Table  28. 

It  was  immediately  obvious  from  an  examination  of  the 


solution 
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Table  21 

Planar  Trans-Trans  Imide  Conformer  with  Rotations 
of  90“  Around  t1  and  t4 

Conformer  Conformer3  Energy  Dipole  Moment 


(1)  -111148.44 

(debyes) 

3.9346 

tf  0 

(21  -111271.5. 

4.3704 

(3)  -111226.62 

4.0019 

(4)  -111195.69 

4.2073 

(5)  -111288.44 

4.8901 

(6)  -111273.75 

4.3837 

O'  0 

17)  yVV*  -11117.. 5. 

3.6854 

o'  0 

(8)  -111271.19 

4.1747 

O'  0 

(9)  “!Y'Jl^N'',l'Yto  -111256.50 

3.7510 

aWhere  R = -^0^011 
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Table  22 
Imide  Con for 


V- 


:x 


-106770.69 


-106862.69 


ysiC 

M.'  R 

. Me  r„ 

sfc-XjX 

vsxr 

g^AjX. 

vsX 


-108875.06 


Table  23 


Plan 
Con former 

ar  Cis-Cis  Imide  Conf 
of  90”  Around 

Con former3 

rmer  with  Rotat 
1 and  t4 

Energy 

Dipole  Moment 
(debyes) 

(19) 

XX 

-102098.00 

(20) 

c?'/* 

xx 

-107144.81 

3.1184 

(21) 

XX 

-96818.12 

5.2358 

(22) 

-107191.81 
-107208. 06b 

2.3096 

3.2407b 

(23) 

XX 

-109583.50 
-111191. 37b 

5.4526 

3.9713b 

(24) 

(25) 

XX 

XX' 

-108613.75 
-108629. 06b 

-97819.87 

5.6492b 

4.2298 

(26) 

:xx 

-106553.62 

(27) 

XX 

-833961.87 

aWhere  R 

^y.OH  bwhere  t1 

is  rotated  180° 

is-Skew  Iinide  Confor 


dumber61 

Con former3 

UcelT 

(28) 

-111183.19 

3.1149 

(29) 

-111276.19 
-111275. 00b 

3.0472 

3.2687b 

(30) 

-111260.69 

3.0953 

(31) 

-111189.75 

3.3498 

(32) 

>v<c 

-111266.12 
-111289. 8 7b 

3.3497 

"-rX!'"<C 

-111266.12 
-111267. 37b 

3.3497 
2. 7326b 

(34) 

vv^-“ 

-111188.56 

2.8715 

(35) 

-111280.94 
-111279. 62b 

2.8195 

3.0114b 

(36) 

Vr^— 

-Un.S.Bl 

aWhere  R 

- -^Q^-OH,  bWhere  t4 

to»t.a  1. 
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Planar  Cis-Skew  Imide  Conforuier  with  Rotations 
of  90°  Around  . 1 and  t4 

Conformer  Conformer3  Energy  Dipole  Moment 


(37) 

-111205.37 

(debyes) 

(38) 

V 

-111275.50 
-111276. 94b 

3.2648 

3.0131b 

(40) 

3.5234 

(41) 

'(/**■ 

-111281. 69b 

3 . 2 34  3b 

(42) 

-111253.69 

3.8126 

(43) 

XU;.- 

-111213.62 

3.6008 

(44) 

f" 

-111280.62 
-111280. 69b 

3.4941 

(45) 

-111271.36 

aWhere  R 

bwhere  tl 

is  rotated  180" 
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Table  26 


Ci 

Skew-Skew  Imide  con for 
of  90°  Around 

ner  with  Rotations 
and  x 4 

Conform 

er  Con former3 

Energy  Dip 

(46) 

-110934.62 

.5725 

-111266.50 
-111266. 00b 

.7551 
. 7081b 

(48) 

“-“S-V 

-111140.31 

.7827 

(49) 

-111263.31 

.7855 

(50) 

*X7'  ,C7 

^ I V 

-111271.31 
-111253. 23b 

.9278 

(51) 

-^C 

— 

.7920 

(52) 

-111104.00 

.5905 

(53) 

T°Y^- 

-111271.12 
-111271. 94b 

.5972 

(54) 

-111178.81 

aWhere 

r = -{o)-OH,  bWhere  x 

is  rotated  180° 
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Table  27 

Trans  Skew-Skew  Imide  Con former  with  Rotations 
of  90"  Around  t1  and  t4 


Conformer 

Number 

Conformer* 

Energy 

(55) 

-111268.31 

0.8555 

(56) 

-111270.25 

1.0034 

(57) 

-111271.00 

(58) 

-111273.06 

1.3427 

.... 

-111276.12 

1.3609 

(61) 

-111272.06 

1.2315 

(62) 

-111275.37 

1.4308 

<■» 

-111275.44 

1.2664 
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Conformers  Generated  by  Rotations  from  t 


(Kcal) 


-111289.6 

-111288.9 

-111284.8 

-111285.4 

-111286.0 

-111282.1 

-111291.0 

-111290.5 

-111291.1 

-111291.0 

-111291.6 

-111291.1 

-111288.5 

-111288.1 

-111286.9 

-111224.6 

-111183.4 

-111271.3 

-111282.6 


Both  amide  groups  coplanar, 
dPirst  amide  group  planar,  c 
eSecond  amide  group  planar, 


molecules  are  to  pack  efficiently  at  all.  Perhaps  one  of 
difference  between  the  conformations  of  biphenyl  in  the  solid 

crystalline  phase,  in  order  to  allow  efficient  packing  of 

arrangment.*14  Therefore,  crystal  packing  forces  may  often 
supersede  the  van  der  Haals  and  electronic  interactions  in 


The  calculations  revealed  certain  recurring  effects  of 
conformational  changes  on  the  energy  of  that  conformation. 
Perhaps  the  first  to  be  noted  was  the  interaction  of  the 


bon-carbon  double  bonds  of  the  methacryl  group  were  oriented 


O 
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in  a plane  perpendicular  to  the  carbonyl,  thereby  minimizing 
the  interaction  of  the  methyl  and  methylene  with  the  phenyl 
ring.  This  was  demonstrated  by  examination  of  the  conforma- 
tional changes  (1)*(2),  (1)*(4),  (l)->(5),  (7)^(8),  (18) *(17), 
(15) *(14) , (12)*(11),  etc.  There  was  obviously  a great  deal 
of  steric  interaction  between  the  carbonyl  substituent  and 
the  nitrogen  substituent.  This  trend  was  further  borne  out 

s-trans  orientation  which  placed  the  terminal  methylene  near 
to  the  phenyl  ring  rather  than  in  the  s-cis  orientation  which 
would  place  the  bulkier  methyl  group  nearer  to  the  phenyl. 

(1) *(7)  , (1)*(9),  (16)*(18),  (13)*(15),  (10)*(12),  and 
(10I-M18)  . 

A cursory  examination  of  the  three  coplanar  imide 
arrangements  revealed  a general  preference  of  the  monomer 

buting  to  this  preference  over  the  trans-cis  isomer  was 

one  methacryl  group  and  the  carbonyl  of  the  second  methacryl 
group.  When  the  carbon-carbon  double  bond  was  rotated  90° 
to  orient  in  a plane  perpendicular  to  the  carbonyl  and 
thereby  decrease  the  steric  repulsions  with  the  second 
carbonyl  [(18)*(16),  (17)»(14),  and  (16)*(13)1  the  energy  of 
the  conformation  lowered  considerably.  In  fact,  the  lowest 
energy  conformation  found  for  all  the  coplanar  imide 
arrangements  was  (14)  in  which  there  was  a trans-cis 
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bonds  were  perpendicular  to  the  carbonyls.  This  conformation 

the  second  carbonyl  and  between  the  other  methacryl  group 
and  the  phenyl  ring.  Only  3 kcal  lower,  however,  was  con- 
formation (5)  in  which  the  imide  group  was  in  a trans-trans 


energy  when  it  might  be  predicted  that  the  electronic 

orientations  much  less  favored.  In  a Molecular  Mechanics 
(MMX)  calculation  on  the  monomer  performed  independently 

Pioneering  Research  Laboratories  and  described  in  Appendix  II, 
the  lowest  energy  cunformers  were  found  to  be  those  with  a 


Predictably,  the  energies  of  the  cis-cis  coplanar 
arrangement  reflected  the  large  steric  interactions  of  the 
two  bulky  methacryl  groups.  Although  making  the  two  carbon- 
carbon  double  bonds  perpendicular  to  the  carbonyls  lowered 
the  energy  of  the  conformations  considerably  [(19)-(20), 

(19)  -*(22) , and  (19)'->(23)  ] these  were  still  fairly  high  in 


likely,  therefore,  that 
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straints  were  lifted.  A 180“  rotation  around  tl  relieved 
the  large  steric  interaction  between  the  two  methyl  groups 
in  conformer  (23)  considerably.  That  one  rotation  lowered 
the  energy  of  that  conformation  by  1607.87  kcal,  a notable 

Obviously  the  steric  requirements  of  that  conformer  were  so 
high'  that  the  stabilization  from  the  parallel  overlapping 
arrangement  of  the  two  pi  clouds  and  partial  bonding  that 
might  be  envisioned  to  result  from  that  overlap  is  not 

overlap  of  the  pi  clouds  is  demonstrated  in  Figure  16. 
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The  effect  of  orienting  one  of  the  methacryl  groups 
perpendicular  to  the  imide  plane  is  detailed  in  Tables  24 
and  25.  This  rotation  should  tend  to  stablize  those  trans- 
trans  isomers  that  had  a considerable  interaction  between 
the  nitrogen  substituent  and  the  methacryl  group  by  rotating 
the  methacryl  group  away  [(1)*(28),  (2) -(29) , and  (3)-(30)  J . 
Similarly,  the  trans-cis  isomers  that  were  chiefly  affected 

the  90°  rotation  of  the  methacryl  group  ( (18)— (36) , (17) -(35) , 
(11)— (29) , and  (12)— (30) J . Notably,  the  conformational 
changes  (15)  — (33) , (14)*(32),  and  (13)  — (31)  were  to  higher 
energy  conformations.  Since  in  the  trans-cis  isomers,  [(15) 
(14),  and  (13)),  the  carbon-carbon  double  bond  had  been 
rotated  to  minimize  the  repulsion  with  the  carbonyl  group, 
a subsequent  skewing  of  the  methacryl  group  only  served  to 

great  steric  relief  was  obtained  and  electronic  stabilization 

pi  cloud  of  the  imide  group.  A similar  effect  was  observed 
for  the  conformational  changes  ( 4 ) — ( 31) , (5) — ( 32) , and 
(6) -(33)  . 

The  energies  of  the  cis-cis  conformers  were  lowered 
considerably  in  every  instance  by  rotating  the  methacryl 
group  90°,  an  effect  which  supported  the  hypothesis  that 
these  conformers  were  primarily  destabilized  by  the  large 
steric  interactions  between  the  bulky  methacryl  groups. 


The  two  conformers  (38)  and  (44)  were  relatively  low  in 
energy;  the  steric  interactions  between  the  methacryl  groups 
had  been  minimized  and  the  two  carbon-carbon  double  bonds 
were  fairly  separated  in  space.  Initiation  of  one  of  the 
double  bonds  and  a rotation  around  the  imide  nitrogen-carbonyl 
bond  could,  however,  very  easily  lead  to  the  formation  of  the 
cyclic  repeating  unit  observed  in  the  polymerization  reaction. 

It  is  worthy  of  note  that  the  energy  of  conformer  (41) 
was  lowered  by  57.25  kcals  by  a rotation  of  180°  around  tl. 
There  was  no  other  similar  . '"feet  from  this  rotation  on  the 
energies  of  any  conformer  in  the  series  (37)- (45).  The  small 
energy  changes  for  con  formers  (38)  and  (44)  indicated  that 
there  was  apparently  no  large  interaction  with  the  bulk  of 
the  molecule  being  relieved  and  molecular  models  indicated 
that  there  was  little  steric  relief  between  the  two  methacryl 
groups  gained  by  this  rotation.  One  quite  reasonable  expla- 
nation for  this  large  energy  change  hinges  on  the  change 
in  the  relative  position  of  the  two  pi  clouds.  In  the  first 
orientation  of  conformer  (23)  the  two  double  bonds  were 
fairly  separated  in  space  and  the  large  distance  between 
them  made  overlap  of  the  pi  clouds  unlikely.  With  the  180® 
rotation  around  tl,  however,  the  two  double  bonds  were  placed 
in  close  proximity  of  each  other,  similar  to  that  shown 
below.  In  this  particular  orientation,  the  two  terminal 
p-orbitals  of  the  double  bonds  were  nearly  in  a colinear 
arrangement  and  the  substituents  of  the  double  bonds  were 
oriented  so  that  steric  interactions  were  minimal  (a  situation 


cloud  overlap) . Unfortunately  the  program  does  not  provide 
the  overlap  integrals  in  the  output  so  that  the  extent  of 
this  overlap  could  be  estimated. 

If  the  energy  change  of  conformer  (23)  was  indeed  a 
reflection  of  an  electronic  stabilization  j t might  be 
interpreted  as  evidence  for  the  through-space  non-con jugated 
interaction  which  has  been  proposed"*®  to  exist  between  the 
double  bonds  of  1,6-dienes.  This  interaction,  if  it  existed, 
would  be  expected  to  preorient  the  double  bonds  in  a direction 
which  would  favor  the  cyclization  reaction  after  initiation 
by  a free  radical.  In  N- (p-bromopheny 1) dimethacrylamide , 
however,  the  large  steric  and  electronic  interactions  within 
the  molecule  make  fairly  severe  demands  on  the  orientation 
of  the  molecule.  In  spite  of  this  large  energy  lowering  in 
conformer  (41)  and  apparent  stabilization  of  the  isomer 
there  were  other  con formers  found  that  were  as  much  as 
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10  kcal  lower  in  energy.  Apparently,  there  is  some  evidence, 
therefore,  for  interaction  through  space  between  those  two 
double  bonds,  but  other  conformations  might  be  more 
favored  for  their  relief  of  other  strain  within  tire  molecule. 
Further  investigation  into  this  phenomenon  will  be  carried 
out  in  the  future  on  a somewhat  simpler  system,  1,6-hepta- 
diene,  on  which  the  early  proposals  fur  electronic  inter- 
action were  based. ^ The  severe  steric  interactions  present 
in  N- (p-bromophenyl) dimethacr yl amide  would  not  be  expected 
to  exert  such  a large  influence  on  the  conformer's  energy 
in  this  case  and  results  might  be  found  that  would  shed 
some  light  on  this  still  puzzling  question  in  cyclopolymer- 
ization reactions. 

When  both  methacryl  groups  in  N- (p-bromophenyl) dimeth- 
acrylamide were  skewed  90®  from  the  imide  plane  and  were  in 
a cis  orientation  with  respect  to  each  other;  only  those 
conformers  which  allowed  a perpendicular  arrangement  of  the 
carbon-carbon  double  bonds  to  the  carbonyls  (47),  (49),  (50), 
(51) , and  (53)  were  again  relatively  low  in  energy.  When 
rl  was  rotated  180°  in  conformers  (47),  (53)  and  (50),  the 
energy  of  the  conformation  of  (50)  raised  18.06  kcals  when 
the  two  double  bonds  were  no  longer  parallel  to  each  other 
and  no  longer  oriented  in  a direction  that  would  favor  the 
through-space  overlap  of  the  pi  clouds.  Since  (47)  and  (53) 
showed  little  change  in  energy  with  this  rotation  the  energy 
change  probably  did  not  reflect  a change  in  the  steric 
interactions  with  the  remainder  of  the  molecule.  Molecular 


models  indicated  that  the  two  double  bonds  were  oriented 
so  that  the  substituents  were  fair] y separated  in  space. 

Once  again  it  is  not  unreasonable  to  assume  that  this  energy 
change  was  due  to  an  interaction  between  the  two  pi  clouds. 
It  should  be  remembered  that  the  electron  density  in  a bond 
is  in  the  form  of  a distribution  and  not  merely  localized 
charge  density.  When  two  pi  clouds  are  oriented  as  they  are 
in  conformer  (50)  and  as  drawn  in  XX  below,  if  the  two  are 
close  enough  in  space  i t is  almost  academic  whether  they  are 
represented  by  XX  or  XXI.  It  is  therefore  again  not 


unreasonable  that  the  calculations  should  predict  that  the 
orientation  in  which  the  pi  clouds  could  overlap  would  be 
lower  in  energy  than  when  this  overlap  was  not  possible. 

When  the  two  methacryl  groups  were  skewed  trans  to 
one  another  as  shown  in  Table  27,  the  energies 
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performed  if  the  study  he 


thi3 
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The  computing  time  required  and  the  cost  o£  such  an  approach 
to  this  conformational  analysis  would  have  been  prohibitive 
and  still,  even  with  20°  increments,  might  not  be  definitive. 
Conformations  other  than  those  described  in  Tables  21-27 
were  investigated,  however,  by  rotating  around  axes  t1  - t5 
from  the  original  crystal  coordinates.  A partial  list  of 
some  of  the  lower  energy  conformers  is  given  in  Table  28. 

Inspection  of  Table  28  once  again  emphasised  that  it 
is  quite  likely  that  the  monomer  would  orient  in  a new 
conformation  once  the  restraints  of  the  crystal  lattice 
were  lifted.  It  is  also  obvious  that  many  of  the  coplanar 
orientations  could  lower  considerably  in  energy  when  they 
were  allowed  to  skew  slightly  out  of  coplanarity  and  thereby 
minimize  the  steric  repulsions.  For  instance,  all  of  the 
cis-cis  coplanar  isomers  in  Table  23  were  quite  high  in 
energy.  Hoi, ever,  a slight  skewing  out  of  that  arrangement 
by  the  molecule  resulted  in  very  energetically  favored 
orientations  as  shown  by  conformers  (70),  (75),  and  (77) . 

In  addition  to  being  low  in  energy,  these  conformers  (70)- 
(75)  all  were  characterized  by  a very  close  alignment  of 
the  two  carbon-carbon  double  bonds  involved  in  the  polymer- 
ization reaction.  Since  the  two  0-carbons  were  considerably 
closer  to  each  other  than  any  other  two  atoms,  it  could  be 
very  reasonably  postulated  that  initiation  of  one  of  the 
double  bonds  and  a fast  cyclization  reaction  would  almost 
certainly  lead  to  cyclopolymer  containing  five-membered 
ring.  It  appears,  therefore,  that  even  such  a sterieally 
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crowded  molecule  as  N- (p-bromophenyl) dimethacrylamide  could 
orient  in  a fairly  low  energy  conformation  that  would  favor 
formation  of  five-membered  over  six-membcied  ring.  Once 
again,  though,  it  should  be  restated  that  it  is  not  certain 
by  any  means  that  this  orientation  would  be  the  absolute 
lowest  energy  conformation  available  to  the  molecule.  It 
was,  however,  one  of  several  conformers  found  to  be  consider- 
ably lower  in  energy  than  many  others  investigated. 

In  summary,  then,  the  calculations  demonstrated  the 
following: 

(1)  The  monomer  did  not  crystallise  out  in  its  lowest 
energy  conformer. 

(2)  If  the  monomer  were  to  exist  with  a coplanar 
arrangement  of  the  imide  group,  it  must  be  one  such 
as  (5)  or  (34)  in  which  the  two  carbon-carbon 
double  bonds  were  not  arranged  in  a coplanar 
orientation  so  that  they  might  minimize  steric 
interactions  with  other  parts  of  the  molecule. 

(3)  The  methyl  group  presented  more  of  a steric  inter- 
action with  the  phenyl  ring  than  did  the  hydrogens 
on  the  terminal  methylene  carbon . This  factor 
tended  to  force  the  methacryl  group,  when  planar, 
to  exist  in  an  s-trans  orientation  of  the  carbon- 
carbon  double  bond  and  the  carbonyl  when  such  steric 
interactions  existed. 

(4)  The  trans-cis  orientation  was  slightly  favored  over 
the  trans-trans  when  proper  rotations  of  the  carbon- 
carbon  double  bonds  alleviated  steric  interactions 
with  the  remainder  of  the  molecule  [See  conformers 
(4),  (5),  and  (6)  vs.  conformers  (13),  (14),  and 
(15)1 . 

(5)  The  cis-cis  coplanar  arrangement  was  highly  unlikely. 
Slight  rotations  out  of  the  coplanar  arrangement, 
however,  created  conformers  that  were  as  low  in 
energy  and,  in  some  cases,  lower  than  those  cited 


(6)  Some  energy  lowering  of  conformers  was  exhibited 
that  could  be  explained  by  an  interaction  through 
space  of  the  two  carbon-carbon  double  bonds. 


CHAPTER  VI 

SUMMARY  AND  DISCUSSION 

The  heart  of  this  research  dealt  with  the  cyclopoly 

phenyl) dime thacrylamide  and  its  polymerization  behavior 
in  both  the  solid  and  solution  phases  was  of  interest. 
Could  it  be  shown  that  the  solid  state  polymerization  of 

crystal  lattice?  How  similar  were  these  solid  state  pro- 

by  its  conformation?  In  attempting  to  answer  these  ques 
the  investigation  summarized  below  was  undertaken. 

Irradiation  of  the  crystalline  monomer  with  y-rays 
a cobalt-60  source  resulted  in  the  formation  of  a p.d.yme 
that  was  1001  cyclized.  Spectroscopic  investigation  of 
polymer  structure  yielded  evidence  that  both  five-  and  s 
membered  rings  were  formed  in  the  reaction.  The  X-ray 
diffraction  study  on  the  monomer  revealed  the  following 
information  about  its  conformation: 
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(2)  Neither  of  the  two  methacryl  groups  oriented  with 
a coplanar  arrangement  of  the  carbonyl  and  the 
carbon-carbon  double  bond,  which  once  again 
disrupted  the  pi  cloud  delocalization. 

(3)  Both  methacryl  groups  oriented  in  a s-trans  con- 
formation as  shown  below.' 


(4)  The  two  carbon-carbon  double  bonds  oriented  with 
a dihedral  angle  of  87.45°  with  respect  to  each 
other,  a nearly  perpendicular  arrangement  which 
almost  completely  ruled  out  the  possibility  of  a 
through  space  nonconjugated  interaction^0  between 
the  two  pi  clouds  in  the  solid  state. 

Calculations  of  the  distances  separating  the  reacting 
species  in  the  lattice  revealed  that  the  intramolecular 
propagation  route  was  always  shorter  than  the  intermolecular 
one  by  at  least  0.4-0. 7 A.  This  large  distance  should  almost 
certainly  make  the  cyclization  reaction  favored  over  the 
intermolecular  propagation  so  long  as  these  relative  orienta- 
tions were  maintained. 

For  several  reasons  it  was  impossible  to  predict  the 
distribution  of  ring  sizes  in  the  cyclopolymer  from  the 
crystallographically-deteimined  atomic  positions.  First  of 
all,  the  two  available  intramolecular  paths  did  not  always 
differ  widely  in  the  distances  separating  potential  reactors. 
Secondly,  generation  of  the  initiating  or  propagating  species 
would  almost  certainly  change  these  relative  orientations 
at  least  slightly.  Finally,  the  movement  of  the  atoms 


the 
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The  solution  polymerization  of  the  monomer  by  radical 
initiation  also  resulted  in  the  formation  of  a polymer 
that  was  100%  cyclized.  At  low  temperatures  the  formation 
of  five-membered  rings  was  favored  over  that  of  six-membered 
rings  by  a ratio  of  4:1.  As  tile  temperature  of  the  polymer- 
ization was  increased,  however,  the  formation  of  six-membered 
ring  became  more  prevalent.  At  114°  the  ratio  of  six-member- 
ed to  five-membered  ring  had  changed  from  the  aforementioned 
1:4  to  3:2.  It  was  concluded  that  the  five-membered  ring 
fromed  at  the  lower  reaction  temperature  was  a result  of 
kinetic  control  of  the  reaction.  Raising  the  temperature  of 
the  reaction  changed  the  product  distribution  with  a result- 
ant increase  in  the  thermodynamically -favored  product,  the 
six-membered  ring. 

Infrared  analysis  of  the  imide  carbonyl  stretching 
vibrations  for  the  phase  change  from  solid  to  solution  revealed 
the:  appearance  of  a new  absorption  band  with  the  dissolu- 
tion of  the  monomer.  Since  the  position  of  imide  carbonyl 
absorption  bands  are  generally  known  to  be  sensitive  to 
changes  in  the  chemical  environment  of  the  molecule, it  was 
postulated  that  this  new  band  could  be  indicative  of  a 
conformational  change  in  the  monomer  molecule  when  the 
restraints  of  the  crystal  lattice  were  lifted.  The  solu- 
tion spectra  of  the  monomer  were  not  noticeably  affected 
by  changes  in  the  dielectric  constant  of  the  solvent  from 
2 to  39.  This  insensitivity  to  the  polarity  of  the  medium 
could  be  a reflection  of  rather  severe  steric  restrictions 


Dlecule 


stronger 


e.  If  these  interactions  were  s 


than  those  between  the  monomer  and  solvent  the  change  in 
dielectric  constant  of  the  solvent  might  not  induce  enough 
of  a change  in  conformation  in  the  molecule  to  be  detect- 

Subsequent  investigation  into  the  conformational 

using  a quantum  mechanical  perturbative  configuration 
interaction  with  localized  orbitals  methods.  Application  of 
these  results  to  the  solution  conformation  of  the  monomer 
necessarily  involved  the  assumption  that  the  interactions 


were  negligible. 


likely,  therefore,  that  the  monomer  would  orient  in  a new 
conformation (s)  upon  dissolution.  Contrary  to  predictions42 

to  minimize  steric  interactions  with  the  nitrogen  substituent. 

In  no  instances  was  a conformation  with  a planar  arrange- 
ment of  both  the  imide  and  methacryl  gcoups  a low  energy 
conformation.  In  most  casej  a relatively  low  energy  orienta- 
tion could  be  attained  by  (1)  keeping  the  imide  group 
planar  and  orienting  one  or  preferably  both  methacryl  groups 
perpendicular  to  that  plane  or  by  (2)  keeping  the  methacryl 
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groups  planar  and  twisting  the  imide  group  so  that  it  was 
no  longer  planar. 

Of  the  three  major  orientations  containing  a planar 
imide  group,  the  lowest  energy  oonformer  was  characterised 
by  i -is-trans  orientation  of  the  two  carbonyls  to  the 
nitrogen  substituent  and  the  two  carbon-carbon  double  bonds 
perpendicular  to  the  imide  plane.  Tn  the  second  lowest 
energy  conformer  both  carbonyl  oxygens  were  trans  to  the 
nitrogen  substituent  and  the  two  carbon-carbon  double 
bonds  were  again  perpendicular  to  the  imide  plane.  The 
least  likely  orientation  in  which  the  imide  group  was 
planar  was  that  in  which  both  carbonyl  oxygens  were  cis  to 
the  nitrogen  substituent.  The  large  steric  interactions 
between  the  two  bulky  methacryl  groups  destabilised  all 
possible  conformations  with  this  orientation. 

Low  energy  conformations  were  found  in  which  neither 
the  imide  nor  the  methacryl  groups  were  in  a coplanar 
arrangement.  Of  particular  note  were  several  conformers 
with  the  two  carbonyl  oxygens  roughly  cis-cis  to  the  nitro- 
gen substituent.  Since  the  energy  of  the  conformer  was  so 
low  the  orientation  was  apparently  quite  stable.  The  two 
carbon-carbon  double  bonds  were  fairly  close  to  each  other 
with  the  shortest  distance  between  the  two  B-carbons. 
Initiation  of  one  double  bond  and  a subsequent  fast  cyclisa- 
tion  reaction  could  very  plausibly  result  in  the  formation 
of  a f ive-membered  ring.  While  it  is  conceivable  that  other 
lower  energy  conformers  of  the  molecule  might  exist  that 
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were  not  uncovered  by  this  conformational  analysis,  the 
evidence  obtained  seemed  to  indicate  that  conformations  of 
low  energy  were  accessible  to  the  monomer  in  which  the 
preorientation  of  the  douole  bonds  would  lead  to  the 
formation  of  f ive-membered  ring  faster  than  that  of  six- 
membered  ring. 

Though  there  exists  much  evidence  today  that  radical 
cyclizations  often  proceed  under  kinetic  control  to  the 
formation  of  f ive-membered  rings,  the  explanations  for 
why  that  should  be  the  faster  route  are  not  nearly  so 
clear.  Why  the  less  stable  isomer  should  quite  often  be 
formed  faster  than  the  more  stable  six-membered  ring  is 
one  of  the  still  unsolved  puzzles  in  cyclopolymerization 
reactions.  In  the  case  of  N-(p-bromophenyl) dimethacrylamide 
it  might  be  that  the  rather  large  steric  restrictions  in  the 
molecule  limit  the  number  of  conformations  available  to 
the  monomer.  Similarly  those  rotations  which  would  involve 
close  approach  to  the  two  methacryl  groups  would  in  many 
cases  be  characterized  by  a high  energy  barrier.  Therefore 
preorientation  of  the  monomer  in  a conformation  in  which 
the  two  6-carbons  are  fairly  close  to  each  other  and  steric 
interactions  are  minimized  or  an  easy  access  to  that  orienta- 
tion by  single  bond  rotations  might  contribute  considerably 
to  the  large  percentage  of  five-membered  rings  in  the  solu- 
tion polymer.  With  an  increase  in  the  reaction  temperature, 
however,  many  of  these  previously  forbidden  rotations  would 
become  more  probable.  Preorientation  of  the  double  bonds  for 


the  formation  of  five-membered  rings  wouid  then  be  less 
important  at  higher  reaction  temperatures  than  it  had  been 
at  the  lower  ones.  Product  distribution  would  be  expected 
to  reflect  this  change. 

It  is  interesting  that,  whereas  other  conformers  of 
comparable  energy  achieved  some  stabilization  from  extended 
pi  cloud  delocalization  in  the  planar  imide  group,  the  afore- 
mentioned "preoriented"  conformer  had  no  such  stabiliza- 
tion. Neither  the  imide  group  nor  the  methacryl  groups  were 
planar.  Why,  then,  should  this  conformer  i ■*  so  stable  when 
other  isomers  which  likewise  minimized  steric  repulsions  in 
the  molecule  were  not  nearly  so  low  in  energy?  Perhaps 
some  stabilization  could  arise  from  the  interaction  of  these 
two  pi  clouds  through  space.  While  the  four  carbon  atoms 
in  the  double  bonds  are  not  colinear  in  this  orientation  the 
two  double  bonds  are  certainly  close  enough  that  at  least 
partial  overlap  of  their  pi  clouds  in  not  unreasonable. 
Similar  effects  were  observed  for  conformations  in  which  the 
two  double  bonds  were  not  nearly  so  close  to  each  other. 

Yet  the  orientations  favoring  that  overlap  were  much  lower 
in  energy  than  those  in  which  no  overlap  could  occur. 
Investigation  of  this  effect  in  systems  with  less  steric 
repulsions  might  provide  some  interesting  corroboration  of 
the  proposed30  through  space  interaction  of  the  nonconjugated 
double  bonds  in  dienes  that  cyclopolymerize. 

In  conclusion,  the  tendency  of  N-(p-bromophenyl)di- 
methacrylamide  to  cyclopolymerize  in  the  solid  state  could 
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certainly  be  explained  by  the  monomer's  conformation  in  the 
crystal  lattice.  Since  there  are  such  large  steric 
repulsions  within  the  monomer,  its  tendency  to  form  a less 

restraints  in  the  solution  phase.  Xn  answering  some  of  the 

the  solid  state  polymerization  processes  by  single  crystal 

indications  of  through  space  interaction  between  nonconju- 
gated  dienes  by  PCILO  calculations  on  simpler  dienes. 


APPLNDIX  I 

OBSERVED  AND  CALCULATED  STRUCTURE  FACTORS 
FOR  N-  (p-BROMOPHENVL)  D I METH  ACliY L AMI DE 
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APPENDIX  II 

CONFORMATIONAL  ANALYSIS  OF  N-(p-BROMOPHENYL) DIMETHACRYL- 
AMIDE BY  MOLECULAR  MECHANICS 

phenyl)  dimethacrylami.de  were  performed  independently  by 

in  Wilmington,  Delaware.  The  method  used  for  the  analysis 
was  a molecular  mechanics  method,  which  is  based  upon 
classical  internal  parameters  such  as  bond  lengths,  bond 

require  the  choice  and  calibration  of  functions  and  para- 
meters using  experimental  data  from  various  known  compounds 

initial  input  of  these  parameters  the  computer  alters  the 


with  N-atoms  there  should  then  be  3N  cartesian  coordinates, 
all  of  which  must  be  adjusted  simultaneously  to  give  the 


summarized  in  Table  29.  The  ORTEP  drawings  of  the  conformers 


Molecular  Mechanics  and  by  PCILO,  reference  to  a review  of 
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Schleyer115  might  be  cited.  In  that  review  the  pure  pre- 
dictive reliability  of  Molecular  Mechanics  was  questioned. 
Though  results  have  been  obtained  with  a fairly  good 
degree  of  accuracy  the  calculations  are  based  on  a rather 
large  number  of  adjustable  parameters.  Extension  from  avail- 
able data  to  new  compounds  must  necessarily  involve  the 
introduction  of  new  parameters  whose  choice  is  usually 
specific  for  that  particular  new  compound.  Applications 
of  the  method,  therefore,  are  generally  the  most  success- 
ful when  applied  to  compounds  that  do  not  differ  widely 
from  those  for  which  the  parameters  had  been  evaluated. 

The  authors  also  remarked*^®  1 . 1 simplified  quantum-mechani- 
cal treatments  such  as  extended  Hiickel  methods  should  be 
the  fundamentally  preferred  method  which  should  provide 
the  most  detailed  and  reliable  information. 
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